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Abstract 

We  have  performed  the  first  experiment  on  the  Free-Hlectron  Laser  (CLIO)  at 
the  Laboratoire  pour  I'Utilisation  du  Rayonnement  Licctromagnetique  (LURF,). 

Strong  power  limiting  has  been  observed  in  a  transmission  experiment  on  InSb 
at  wavelengtlis  longer  than  the  absorption  edge.  This  is  associated  with  induced 
free-carrier  absorption  produced  by  direct  interband  two-photon  transitions. 

We  have  estimated  the  Two-Photon  Absorption  (TPA)  coefficient  (P)  of  InSb  to 
be  2cm/MW  at  8.9pm  (utilising  the  tuneablity  of  the  FEL  for  wavelengths  other 
than  hitherto  available  with  CO2  lasers),  by  fitting  the  power-limiting  effect  to  a 
simple  theory.  The  result  distinguishes  between  different  theoretical  models  for 
the  process. 


FELIX.  A  FREE-ELECTRON  LASER  FACILITY  OPERATING  IN  THE  MID  AND  FAR 

INFRARED 

D.  Oepts,  R.J.  Bakker,  D.A.  Jaroszynski,  A.F.G.  van  der  Meer,  C.A.J.  van  der  Geer, 
and  P.W.  van  Amersfoort 

FOM-Ins(iluuc  voor  Plasmafysica  'Rijnhuizen’,  Associaiie  Euraiom-FOM, 
P.O.Box  1207,  3430  BE  Nieuwcgein,  Nederland 


The  Fr««  Electron  Laser  for  Infrared  experiments.  FELIX,  is  designed  to  provide  a  source 
of  poiverfut.  tunable,  short-pulse  radiation  in  the  wavelength  range  8  -  80  pm  (1250  •  125 
cm'*).  Two  stages  of  electron  acceleration  and  two  undulaiors  are  used  to  cover  this  range  in 
two  sections  of  8-30  pm  and  20-80  pm.  respectively.  The  longer  wavelength  pan  has 
become  operational  last  year,  and  saturated  output  has  been  obtained  from  16  to  1 10  pm 
Tlie  shorter  wavelength  part  is  expected  to  start  operation  this  summer.  User  experiments 
can  be  accomodated  on  a  provisional  basis  until  the  user  facility  becomes  fully  operational  in 
1993. 

The  radio-frequency  linear  accelerators  of  FELIX  provide  an  eleepon  beam  consisting  of 
micropulses  of  a  few  picoseconds  length,  repeated  at  1  GHz  during  n-acropulses  of  up  to  20 
ps.  These  macropulses  are  again  repeated  at  a  few  Henz.  The  optical  output  of  the  laser  has 
a  similar  time  structure.  However,  the  length  of  the  optical  micropulses  is  not  determined 
only  by  the  length  of  the  elecpon  pulses,  and  can  be  varied  between  about  1  and  20  ps  by 
adjustment  of  the  resonator  length. 

Over  the  present  range  of  operation,  we  have  mcasua’d  output  energies  from  1  to  10  pJ  per 
micropulse.  This  amounts  lo  an  average  power  of  1  -  10  kW  in  the  macropulse,  and  peak 
micropulse  powers  in  the  MW  range.  A  peat  power  density  of  the  order  of  1  GW/cm-  can 
be  obtained  in  a  focussed  beam. 

Tuning  of  the  output  frequency  over  one  octave  can  be  performed  in  a  matter  of  minutes  by 
changing  the  undulator  strength.  Setting  of  a  different  scanning  range  may  take  some  1 5 
minutes. 

Preliminary  user  experiments  have  been  performed  in  the  fields  of  two  photon  absorption, 
photon  drag  effect,  and  absorption  in  low-T^  superconductors. 


Shubnikov-de  Haas  effect  for  highly  Si-doped  lnAs0.2Sb0.8/InSb  strained  layer 
superlattices  (SLSs) 


Tan  Le'-*.  J  J  Hams*.  W  T  Yuen',  R  A  Stradling'^  C  C  Phillips'.  A  G  Norman*  and  I T 

Ferguson*. 

1.  Interdisciplinary  Research  Centre  for  Semiconductor  Materials,  Blackett  Labontory, 
Imperial  College,  London  SW7  2BZ,  UK. 

2.  Physics  Department,  Blackett  Lalraratory,  Imperial  College,  London  SW7  2BZ,  UK. 


The  Shubnikov-de  Haas  (SdH)  effect  has  been  observed  with  highly  silicon  doped 
InASg^Sbo  t/fttSb  SLSs  of  peri^  200A,  consisting  of  lOOA  InAsuSba,  and  lOOA  InSb.  The 
samples  were  grown  at  Ta=440°C  on  semi-insulating  GaAs  substrates  by  molecular  beam 
epitaxy  (MBE)  with  a  nominal  silicon  sheet  density  of  lxlO*'cm  ',  and  with  the  following 
profiles;  a)  in  the  wells,  b)  in  the  barriers,  ore)  uniform  doping. 

The  silicon  incorporation  as  a  donor  is  known  to  be  strongly  dependent  on  growth 
temperature  (Tq).  A  sample  grown  at  Tq^SSO^C  showed  virtually  100%  activation  of  silicon 
as  a  donor  whereas  samples  grown  at  Ta=440‘'C  had  about  a  factor  of  two  lower 
concentration. 


The  SdH  oscillations  show  a  strong  l/cosO  dependence  where  0  is  the  angle  of  the  magnetic 
field  to  the  growth  direction,  characteristic  of  a  two  dimensional  electron  gas  (2DEG).  With 
the  samples  having  profiles  (b)  and  (c),  broad  features  are  observed  which  are  possibly 
related  to  magnetic  breakdown  when  the  magnetic  field  is  applied  parallel  to  die  interfaces. 
Numerical  calculations  have  shown  the  Fermi  energies  above  the  bottom  of  the  wells  to  be 
109meV  (for  the  sample  doped  in  wells  and  grown  at  ToMdO^C),  1 1  ImeV  (sample  doped  in 
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NGS  Conference  Programme.  20-23  JuIy.  1992 


Monday,  July  20 

8.45  R  A  Stradling,  Imperial  College 
Intioduction 

9.00  T  C  McGill,  California  Institute  of  Technology 
Opening  address 

1.  Novel  Growth 

9.30  G.  Abstreiter  (invited),  J  Olajos,  R  Schorer,  P  Vogel  and  W  Wegscheider 

1.1  Propenies  of  Sn-Ge  superlattices 

10.00  A  G  Norman  (invited),  T-Y  Seong,  I T  Ferguson,  G  R  Booker,  B  A  Joyce  and  R  A 

1.2  Stradling 

Structural  properties  of  natural  superlattices 

10.30  Coffee 

2.  Dilute  Magnetic  Semiconductors  (mainly  Fe) 

1 1.00  M  von  Ortenberg  (invited), 

2.1  High  magnetic  field  studies  of  HgFeSe 

1 1 .30  C  Skierbiszewski,  Z  Wilamowski  and  J  Kossut 

2.2  The  band  smicture  of  mixed  crystal  Hg,.,Fe,Se 

1 1 .45  Z  Wilamowski,  W  Jantsch  and  G  Hendorfer, 

2.3  Spin  relaxation  in  semimetallic  HgSe.Fe 

12.00  W  Szuszkiewicz,  C  Julien,  M  Balkanski  and  B  Witkowska 

2.4  Hybridisation-mediated  spin  dependent  p-d  interaction  in  semimagnetic 
semiconductors:experimental  proof 

12.15  W  Dobrowolski,  E  Grodzicka,  J  Kossut  and  B  Witkowska 

2.5  Iron  doping:  a  tool  to  improve  electrical  properties  of  Hg,.,Zn,Se 

12.30  E  Lahderanta,  R  Laiho,  A  V  Lashkul,  A  Makinen  and  V  S  Zakhvalinski 

2.6  High  temperature  magnetic  freezing  in  (Cd,  .Mn.ljAsj 

12.45  Lunch 

3.  11-VI  (Electronics  and  Optics) 

13.45  C  A  Hoffman,  J  R  Meyer  (invited)  and  F  J  Bartoli 

3.1  Semimetallic  HgTe-HgCdTe  superlattices 

14.15  H  M  Cheong,  J  H  Burnett,  W  Paul.  P  M  Young  and  J  F  Schetzina 

3.2  Pressure  dependence  of  IR  photoluminescence  spectra  from  HgTe/HgCdTe 
superlattices 

14.30  M  M  Kraus,  Y  S  Wu.  C  R  Becker  and  G  Landwehr 

3.3  IR  photoluminescence  on  MBE  grown  Hg,.,Cd,Te  layers 

14.45  K  Takita,  S  Kuroda  and  H  J  Kwon 

3.4  Observation  of  magnetophonon  resonance  oscillations  in  open  gap 
Hg, ,  ,Cd,Mn,Te  grown  by  LPE 

15.00  I  Esquivias,  J  Baars  and  D  Brink 
3  5  Electrical  properties  of  the  anodic  oxide-HgZnTe  interface 

15.15  AM  Andmkhiv,  V  I  Ivanov-Omskii,  A  M  Litvak,  K  E  Mironov  and  V  V  Ratnikov 

3.6  Growth  and  properties  of  Zn.CdyHg, ,  ,Te  LPE  layers 

15.30  Coffee 
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4.  III-V  (InAs/GaSb) 


16.00  E  E  Mendes  (invited) 

4.1  Tunneling  in  crossed-gap  systems 

16.30  R  H  Miles,  D  H  Chow,  A  T  Hunter,  J  N  Schulman  andT  C  McGill 

4.2  Far  Infrared  Ga,  ,ln,Sb/InAs  superlaitices 

16.45  J  R  Waterman,  B  V  Shanabrook,  R  J  Wagner,  M  J  Yang,  J  L  Davis  and  J  P 

4.3  Omaggio 

The  effect  of  interface  bond  type  on  the  structural  and  optical  properties  of  MBE 
grown  GaSb/lnAs  superlattices 

17.(X)  T  D  Golding,  J  T  Zborowski,  J  A  Dura,  A  Viliante,  D  W  Donnelly,  B  C  Covington 

4.4  and  E  MacDonald 

Investigation  of  InAs/(In,Ga)Sb  superlaitices  grown  by  molecular  beam  epitaxy  on 
the  1 100|  and  1 1 1 1 1  orientations 

17.15  J  P  Omaggio,  R  J  Wagner,  J  R  Meyer,  C  A  Hoffman,  M  J  Yung,  D  H  Chow  and  R 

4.5  H  Miles 

Magnetooptic  and  magneto-transport  study  of  Ir.As/Ga,  ,in,Sb  superlaitices 

17.30  T  D  Golding,  J  A  Dura,  H  Wang,  J  T  Zborowski,  A  Viliante  and  J  H  Miller  Jr, 

4.6  Investigation  of  Sb/GaSb  multilayer  structures  for  potential  application  as  a  narrow 
bandgap  system 

17.45  M  Inoue,  H  Furuse,  N  Nasu,  M  Yano  and  Y  Iwai 

4.7  Optical  analysis  of  InAs  heterostructures  grown  by  migration  enhanced  epitaxy 

Tuesday,  July  21. 

S.  Magnetism  and  Magnelooptics 

8.45  T  Dicil  (invited) 

5.1  Mesoscopic  phenomena  in  dilute  magnetic  semiconductors 

9.15  F  Geist,  H  Pascher,  N  Frank,  G  Bauer  and  M  Kriechbaum 

5.2  Exchange  interaction  in  semimagnetic  IV-VI  multi-quantum  well  structures 

9.30  T  Story,  P  J  T  Eggenkamp,  C  H  W  Swuste,  H  J  M  Swagien  and  W  J  M  de  Jonge 

5.3  Electron  spin  resonance  study  of  the  narrow  gap  semiconductor  PbSnMnTe 

9.45  P  J  T  Eggenkamp,  T  Story,  H  J  M  Swagten,  C  W  H  M  Vennix,  M  M  H  Willekens 

5.4  and  W  J  M  de  Jonge 

Carrier-induced  magnetic  properties  in  small  gap  semiconductors 

10.00  J  Manasscs  (invited),  Y  Guldner,  J  P  Vieren  and  J  P  Faurie 

5.5  Properties  of  HgZnTe-CdTe  and  HgTe-CdTe  superlaitices 

10.30  Coffee 

6.  11-Vl  (Jrowlh 

1 1.00  C  Maxey  (invited),  I  Gale,  J  B  Clegg  and  P  A  C  Whiffin 

6.1  Doping  studies  in  MOVPE  of  CdjHg,  .Te 

1 1 .30  A  l.usson,  R  Druilhe,  Y  Marfaing  and  E  Rzepka 

6.2  CdTc/CdllgTe  inierdiffused  quantum  wells 

1 1 .45  M  Funaki,  J  E  l.ewis,  T  D  Hallam,  Li  Chaorong,  S  K  Haider,  K  Durose,  A  W 

6.3  Brinkman  and  B  K  Tanner 

The  MOVPE  growth  and  characterisation  of  Hg,  ,Mn,Te 
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12.00  P  Mitra,  T  R  Schimen,  F  C  Case.  L  T  Claiborne  and  H  L  Wilson 

6.4  Properties  of  HgCdTe  layers  grown  by  isothermal  vapour  phase  epitaxy  at  high 
pressures 

12.15  MG  Astles,  N  Shaw  and  G  Blackmore 

6.5  Techniques  for  improving  the  properties  of  liquid  phase  epitaxial  CdHgTe  for  IR 
photodiodes 

12.30  L  He,  C  R  Becker,  R  N  Bicknell-Tassius,  S  Scholl  and  G  Landwehr 

6.6  Optimized  MBE  growth  of  (100)  HgCdTe  on  CdZnTe 

12.45  Lunch 

Posters 

1.45  Pl.ltoP12.2 

7.  Dots  and  Novel  Confinement 
16.00  K  H  Ploog  (invited)  and  O  Brandt 

7.1  InAs  monolayers  and  quantum  dots  in  a  crystalline  GaAs  matrix 

16.30  E  Toumie,  O  Brandt  and  K  H  Ploog 

7.2  Optical  propenies  of  InAs  quantum  wells  emitting  between  0.9  and  2.5  microns 

16.45  W  Zawadzki  and  M  Kubisa 

7.3  Magnetooptical  properties  of  quantum  dots  in  InSb 

17.(X)  B  Freytag,  U  Rossler  and  O  Pankratov 

7.4  Subbands  in  inversion  layers  on  NGS  for  E,^  tends  to  zero 

17.15  M  Kubisa  (invited) 

7.5  Kinetic  confinement  of  electrons  in  semiconductor  heterostructures 
Wednesday,  July  22 

8.  CMT  (Structure) 

8.45  J. Arias  (invited),  M  Zandian  and  R  Zucca 

8.1  HgCdTe  infrared  laser  diodes  grown  by  MBE 

9.15  E  Monterrat,  L  Ulmer,  N  Magnea,  H  Mariette,  J  L  Pautrat,  K  Kheng  and  F 

8.2  Fuchs 

Optical  spectroscopy  of  CdTe/CdHgTe  quantum  wells  and  superlattices 

9.30  D  T  Dutton,  E  O’Keefe,  P  Capper,  C  L  Jones,  S  Mugford  and  C  Ard 

8.3  Type  conversion  of  Cd,Hg,  ,Te  grown  by  liquid  phase  epitaxy 

9.45  L  O  Bubalac,  S  J  C  Irvine.  E  R  Gartner,  W  P  Lin  and  J  Bajaj 

8.4  As  and  Sb  diffusion  in  MCT  for  junction  formation 

10.00  A  Tardot  (invited),  A  Hamoudi,  P  Gentile,  N  Magnea  and  J  L  Pautrat 

8.5  Interdiffusion  study  in  CdTe/HgTe  superlattices 

10.30  Coffee 

9.  Linear  and  Nonlinear  Optics 

1  LOO  K  1.  Vodopyanov  (invited),  H  Graener,  C  C  Phillips  and  I  Ferguson 

9.1  Middle  infrared  picosecond  spectroscopy  of  MBE  InAs  epilayers  at  3CK)K 

1 1 .30  R  Klann,  T  Hofer,  R  Buhleier,  T  Elsaesser  and  A  Lambrecht 

9  2  Ultrafast  recombination  processes  in  lead  chalcogenide  semiconductors  via 
picosecond  optical  nonlinearities 

11.45  W  Hofmann,  H  Pascher  and  G  Dcnninger 

9.3  Nuclear  spin  polarization  in  InSb  detected  by  spin  flip  Raman  gain  spectroscopy 
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12.(K)  C  Kreniser,  K  Unterrainer,  Gornik,  P  Pfeffer,  W  Zawadzki.  B  Murdin  and  C  R 

9.4  Pidgeon 

Cros.st;d  field  hoi  hole  cyclotron  resonance:  non-parabolic  and  quantum  effects 

12. 15  CL  Littler,  X  N  Song,  Z  Yu,  J  L  Elkind,  D  G  Seiler  and  J  R  Lowney 

9.5  Investigation  of  trap  levels  in  bulk  and  LPE  Hg,  ,Cd,Te  using  resonant  impact 
ionization  spectroscopy 

12.30  D  B  Kushev  and  N  N  Zheleva 

9.6  Characterization  of  free  carriers  in  IV-Vl  laser  materials  from  IR  reflectivity 

12.45  Lunch 

10.  Material  Properties  (mainly  IV-Vl) 

13.45  M  Tacke  (invited) 

lO.I  IV-VI  material  properties  relevant  to  laser  diodes 

14.15  A  Lambrecht,  H  Bottner,  M  Agne,  R  Kurbel,  A  Each,  B  Halford,  U  Schiessl  and  M 

10.2  Tacke 

MBE  of  laterally  structured  lead  chalcogenides  for  the  fabrication  of  buried 
heierostructure  lasers 

14.30  H  Zogg,  C  Maissen,  S  Blunier,  S  Teodoropol,  R  M  Ovemey,  T  Richmond  and  J  E 

10.3  Tomin 

Thermal  mismatch  strain  relaxation  mechanisms  in  heterocpitaxial  lead 
chalcogenide  layers  on  Si-substrates 

14.45  K  11  Herrmann,  K  P  Mollmann,  P  Schafer,  J  W  Tomm,  H  Bottner,  M  A  Each,  M 

10.4  Griesinger  and  J  Sebastian 

Propenies  of  narrow  gap  PbSe  quantum  wires 

15.(K)  M  O  Schweitzer,  F  M  Leibsle,  T  s  Jones,  C  F  McConville  and  N  V  Richardson 

10.5  An  STM  study  of  lnSb(  100)-c(gx2) 


15.30  Conference  Excursion 
Thursday,  July  23 

11.  111-V  Devices 

8.45  M  Lakrimi  (invited),  R  W  Martin,  C  Lopez,  D  M  Symons,  E  T  R  Chidley,  R  J 

11.1  Nicholas,  N  J  Mason  and  PJ  Walker 
Piezoelecuic  effects  in  superlattices 

9.15  C  C  Phillips,  R  H  Thomas,  H  L  Vaghjiani,  I  T  Ferguson  and  A  Norman 

1 1 .2  Intcrband  and  intersubband  transitions  in  InAs  doping  superlattices  studied  by 
ab.soq)lion  and  photoconductivity  spectroscopies 

9.30  G  Bougnoi,  J  P  R  David,  A  Giani,  S  K  Haywtxxl.  G  Hill,  A  Krier,  F  Mansoor,  N  J 

11.3  Mason,  R  J  Nicholas,  F  Pascal-Delannoy.  M  Pale.  L  Ponnampalam  and  P  J  Walker 
The  growth  and  fabrication  of  new  antimony  containing  Ill-V  heterostruciures  for 
devices  in  the  2-4  micron  region 

9.45  T  Ashley,  A  B  Dean,  C  T  Elliott,  A  D  Joiinson,  G  J  Pryce.  A  M  White  and  C  R 

11.4  Whilehouse 

A  hclerojunclion  minority  carrier  barrier  for  InSb  devices 
10.00  V  K  Maluienko  (invited) 

1 1.5  Exclusion  effects  in  semiconductors  revisited  .  narrow  gap  semiconductors, 
non-lradilional  use 

10.30  Coffee 
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12.  Special  Symposium  oii  Novel  Structures  and  Applications 


11.00  B  F  Levine  (invited) 

12.1  Quantum  well  infrared  photodetectors 

1 1 .30  Sheng  S  Li,  M  Y  Chuang  and  S  S  Yu 

12.2  Current  conduction  in  bound-to-miniband  transition  Ill-V  multiquantum  well  IR 
detectors 

1 1.45  R  Sizman,  P  Helgesen,  S  Lovold  and  A  Paulsen 

12.3  The  absorption  linewidth  of  bound  to  extended  stale  transitions  in  GaAs/AlGaAs 
quantum  wells-dependence  on  excited  level  position 

12.00  A  Fraenkel.  E  Finkman,  G  Bahir,  A  Brandel,  G  Livescu  and  M  T  Asom 

12.4  Increased  responsiviiy  and  detectivity  in  asymmetric  quantum  v  'I  infrared 
detectors 

12.15  T  Morimoto,  M  Chiba,  G  Kido  and  A  Tanaka 

12.5  Stimulated  emission  due  to  magnetoelectric  photo-effect  in  NGS  at  the  quantum 
limit 

12.30  O  A  Mironov,  V  T  Igumenov  and  V  M  Konstantinov 

12.6  Galvanomagnetic  properties  of  InSb/(100)GaAs  heterostructures  for 
microminiature  Hall  transducers 

12.45  Lunch 

12.  Special  Symposium  (continued) 

13.45  J  Heremans  (invited) 

12.7  Ill-V  magnetic  sensors 

14.15  E  Gornik  (invited) 

12.8  Hot  electron  and  subband  far  infrared  detectors 

14.45  H  Takayanagi  (invited),  T  Akazaki  and  J  NitI? 

12.9  Superconducting  stniciures  on  narrow  gap  semiconductors 

15.15  L  R  Dawson  (invited) 

12.10  Applications  of  narrow  gap  strained  layer  superlatticcs 

15.45  Coffee 

16.15  J  Oswald  (invited) 

12.11  Review  of  nipi  structures  for  IR  detectors 

16.45  S  C  Shen 

12.12  CMT  versus  quantum  well  structures  for  IR  detectors 

17.15  G  Landwehi,  University  of  Wurzburg,  Germany 
Closing  Address 


Posters 

Pl.l  L  V  Kradinova,  A  M  Polubetko,  V  V  Popov,  V  D  Prochukhan,  Yu  V  Rud  and 
V  E  Skoriukin 

Novel  less  compounds,  magnetics:  CuFcS^  and  CuFeTej 
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P2. 1  C  Skierbiszewski,  Z  Wilamowski,  T  Suski  and  J  Kossut 

Why  different  types  of  donors  can  either  enhance  or  reduce  electron  mobility  in 
NGS 

F^2  2  I  1  l.yapilin.  1  G  Kuleev  and  V  V  Karyagin 

Transpon  phenomena  in  a  quantum  well  containing  mixed  valence  impurities 

P2.3  1  M  Tsidilkovski,  1  1  Kuleev  and  1  I  Lyapilin 

The  "anomaly"  of  electron  scattering  by  a  correlated  system  of  charged  donors 

P2  4  Z  Wilamf'.vski,  H  Przybylinska,  W  Joss  and  M  Guillot 
Anisotropy  of  the  magnetic  interactions  in  HgFeSe 

P3. 1  P  t-iichs,  K  Kheng,  K  Schwarz  and  P  Koidl 

F-oui  v;  transform  photoluminescence  excitation  spectroscopy  on  medium  band 
gap  llgCdTe 

P3.2  V  A  Pogrebnyak,  D  D  Khalameida  and  V  M  Yakovenko 

Block  boundaries  conductivity  and  size  effect  in  mosaic  (HgCd)Te  crystals 

P3.3  M  I  Vasilevskiy,  S  N  Ershov  and  V  V  Nikonorov 

A  possibility  of  observation  of  the  correlated  disorder  effects  in  AjB^ 
semiconductor  through  the  exciton  spectroscopy 

P3.4  S  Barton,  P  Capper,  A  McAllister,  C  L  Jones  and  N  Metcalfe 

Transient  and  steady  state  lifetime  measurements  on  epitaxially  grown 
Cd.Flg,  Je 

P3,5  Yu  I  Mazur,  V  P  Denisov,  S  I  Kriven,  V  V  SuelcUuk  and G  G Tarasov 
Raman  investigation  of  NO  solid  solutions  of  HgCdMiiTe 

P3.6  Y  I  Mazur,  S  1  Kriven,  G  G  Tarasov  and  N  V  Shevchenko 

Vibrational  modes  activated  by  structural  disordering  in  FIR  transmission  of 
FJgCdMnTe 

P3.7  S  G  Oasan-zade,  G  A  Shepelsky,  M  V  Suikha  and  FT  Vas’ko 

Dominant  recombination  mechanism  change  in  uniaxially  pressed  Hg|,,Cd,Te 

P3,8  J  FI  Chu,  R  Sizmann,  K  Liu,  Z  Y  Mi,  S  CShenandFKoch 

Electron  subband  structure  in  inversion  layer  of  p-iype  Hgo7vCdu2|Te 

P3.9  J  FI  Chu  and  S  C  Shen 

The  study  of  far  infrared  phonon  spectra  in  IFg,  ,Cd,Te 

P3  10  Susan  J  Zachman,  Eliezer  Finkman  and  Gad  Bahir 

Bias  effects  on  the  electrical  characterization  of  deep  levels  in  HgCdTc 

P3  1 1  G  Grabecki,  A  Wittlin,  T  Dietl,  P  A  A  Teunisscn,  S  A  J  Wiegers  and  J  A  J 
Perenboom 

I’recision  of  the  Hall  quantization  in  naturally  occurring  2-D  system 
HgCdMnTe  bicrystals 

P3. 1 2  E  Bangert,  P  Boege,  V  Latussek  and  G  laindwehr 

The  optical  absorption  coefficient  of  HgTe-CdTe  superlattices-theory  and 
experiment 

P4  I  B  l  oste,  U  Kunze  ,  G  Zwinge  and  A  Schlachetzki 

Field  effect  controlled  resonant  interband  tunneling  in  electron  surface  layers 
on  InAs  and  lnj,Ga4,As 
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P4.2  M  J  Yang,  P  J  Lin-Chung,  R  J  Wagner,  J  R  Waterman.  W  J  Moore,  B  V 
Shanabrook  and  M  Fatemi 

FIR  spectroscopy  of  strained  AlSb/lnAs/AlSb  quantum  wells 

P4.3  J  Scriba,  A  Wixforth,  J  P  Kotthaus,  C  Bolognesi,  C  Nguyen,  G  Tuttle,  J  H  English 
and  H  Kioemer 

The  effect  of  Landau  quantization  on  cyclotron  resonance  in  a  non-parabolic 
quantum  well 

P4.4  C  Gauer,  J  Scriba,  A  Wixforth,  J  P  Kotthaus,  Ch  Nguyen,  G  Tuttle,  J  H  English  and 
H  Kroemer 

Photoconductivity  in  AlSb/InAs  quantum  wells 
P5.1  P  Pfeffer  and  W  Zawadzki 

Insulator-metal  transition  in  HgTc  in  crossed  magnetic  and  electric  fields 

P5.2  G  Zheng,  J  Shen,  S  Guo  and  D  Tang 

Influence  of  heavy  hole  scattering  on  the  magnetotranspmrt  behaviour  of  p-type 
zero-gap  Hg,  ,Mn,Te 

P5.3  G  Nachtwei,  N  J  Bassom,  W  Kraak,  R  J  Nicholas  and  M  Watts 

Magnetotranspon  investigations  at  InSb  and  Hg|.,Cd,Te  bicrystals  in  tilted 
magnetic  fields 

P5.4  W  Zawadzki,  E  Dudziak,  L  Z  Jedral,  E  Placzek-Popko  and  J  Bozym 
Phcnon  assisted  interband  magnetooptical  transitions  in  HgCiiMnTe 

P5.5  K  H  Hermann,  K  P  Mollmann,  J  W  Tomm,  H  Bottner,  A  Lambrecht,  M  Tacke, 

I  V  Kolesnikov,  A  E  Yunovich,  A  I  Fedorenko,  O  A  Mironov  and  A  Y  Sipatov 
Band  offsets  in  Eu-containing  lead  chalcogenides  and  lead  chalcogenide 
superlattices  from  spectroscopical  data 

P5.6  A  Nateprov,  I  Laue,  M  von  Ortenberg  and  E  Arushanov 
Shubnikov  de  Haas  oscillations  in  OdjCASiP,.,): 

P6.1  N  L  Bazhenov,  S  I  Gasanov  and  V  I  Ivanov-Omskii 

Excess  currents  in  narrow  gap  Cd.Hg,  ,Te  p-n  junctions 

P6.2  N  T  Gordon,  S  Barton,  P  Capper,  C  L  Jones  and  N  Metcalfe 
Electron  mobility  in  p-type  epitaxially  grown  Cd,Hg,.,Te 

P6.3  N  Hoffmann,  K  Jacobs,  L  Parthier,  T  Teubner,  K  H  Herrmann,  W  Hoerstel,  K 
P  Mollmann  and  J  W  Tomm 

HgCdTe  layers  grown  by  MBE  on  GaAs  using  different  buffer  layers 

P6.4  N  N  Berchenko,  J  S  Budzhak,  K  R  Kurbanov  and  G  Sasvari 

Identification  of  extended  defects  in  n-Hg,  ,Cd,Te  by  galvanomagnetic 
measurements 

P6.5  J  C  Tedenac,  M  C  Record,  R  M  Ayral-Marin,  L  Konczewicz,  J  Jun  and  J  L 
Robert 

Crystallization  of  HgSe  bulk  crystals  under  high  gas  pressure  and  their 
electrical  characterisation 

P7. 1  V  K  Dugaev,  V  I  Litvinov,  O  A  Mironov,  P  P  Petrov  and  M  Oszwaldowski 
F.nergy  spectrum  in  quantum  dots  of  IV-VI  NGS 

P8.1  VI  Ivanov-Omskii,  K  E  Mironov  and  K  D  Mynbaev 
Cd.Hg,  ,Te  doping  by  ion  beam  treatment 

P8.2  I  G  Gale,  C  D  Maxey,  J  B  Clegg,  S  Mugford,  S  Banon,  P  Capper  and  C  L 
Jones 

Assessment  of  doped  Cd,Hg|  .Te  structures  using  bevelled  sections 
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P8.3  O  A  Soltanovich,  E  B  Yakimov  and  N  A  Yarykin 

Effect  of  trap  athemial  recharge  on  DLTS  measurements  in  NGS 

P8.4  J  Bonnet-Gamard,  J  Bleuse,  H  Mariette,  L  Ulmer,  N  Magnea  and  J  L  Pautrat 
Cavity  structure  effects  on  Cd,Hgi,,Te  photopumped  heterostructure  lasers 

P8.5  A  Rogalski,  A  Jozwikowska,  K  Jozwikowski  and  J  Rutkowski 
The  perfoniiance  of  p'-n  Hg,.,Cd,Te  photodiixles 

P8.6  Y  S  Wu,  C  R  Becker,  A  Waag,  R  N  Bicknell-Tassius  andG  Landwehr 

Removal  of  Oxygen  and  Carbon  contamination  from  (100)  CdZnTe  substrates 

P8.7  Richard  Sizman,  Torbjom  Skauli,  Thierry  Colin,  Kjersti  Gjonnes  and  Stian 
Love 

IR  absorption  and  structural  properties  of  HgCdTe  quantum  wells 

P8.8  V  V  Zav'ialov  and  V  F  Radantsev 

Magnetotunneling  in  Pb-p-HgCdTe  Shottky  barriers 

P8,9  T I  Deryabina  and  V  F  Radantsev 

Stationary  character  of  2D  states  in  inversion  and  accumulation  layers  on  zero 
gap  HgCdTe 

P9.1  A  V  Germanenko,  V  V  Kruzhaev,  G  M  Minkov,  E  L  Rumyantsev  and  O  E  Rut 
Spin-polarized  tunneling  current  in  metal  insulator  gapless  semiconductor 
structures  in  a  magnetic  field 

P9.2  A  B  Fedortsov,  Y  V  Churkin,  A  S  Ivanov,  K  F  Komarovskikh,  D  G  Leienko 
and  L  E  Vorobjev 

Contactless  local  determination  of  the  recombination  parameters  of  NGS  using 
laser  interferometry 

P9.3  J I  L  Hughes  and  H  A  MacKenzie 

A  new  technique  for  the  intetpretation  of  photo-Hall  measurements  in  NGS 

P9,4  K  H  Herrmann  and  U  Muller 

Interband  and  intraband  contributions  to  refractive  index  in  NOS 

PIO.  1  II  Zazavitsky,  B  N  Matsonashvili  and  B  T  Trofimov 

PhoKKonductivity  spectrum  and  kinetics  of  Pb,  ,Sn,Te/PbTc/BaF2 
multiquantum  well  structures 

P10.2  1  A  Chernick  and  S  N  Lykov 

The  resonant  defect  superconductivity  in  narrow  gap  AjBj  semiconductors 

Pl().3  E  V  Bogdanov 

Sasaki  effect  in  the  narrow  gap  semiconductor  Bi,  ,Sb,  alloys 

P10.4  A  1  l^bedev  and  1  A  Sluchinskaya 

Ferroelectric  phase  transitions  in  quaternary  lead  tin  chalcogenides 

P10.5  B  A  Akimov  and  D  R  Khokhlov 

Lead  telluride-based  photodetectors:  a  new  approach 

P10.6  D  R  Khokhlov,  1 1  Ivanchik,  A  de  Visserand  A  V  Nikorich 
Magnetic  field-induced  localization  in  Pb,  ,S,nTe(ln) 

PI  0.7  CL  Mitsas,  E  K  Polychroniadis  and  D  1  Slapkas 

Structural  dependence  of  the  optical  absorption  in  TiBiSe^  thin  films  near  the 
fundamental  absorption  edge 
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P10.8 

P10.9 

PIO.IO 

PlO.ll 

P10.12 

P10.13 

Pll.l 
PI  1.2 

P11.3 

P12.1 

P12.2 


Jianren  Xu,  Bernard  Halford  and  Maurus  Tacke 

The  electrical  characteristics  of  Pb|.,Eu.Se  hoinojunctions 

V  G  Kantser  and  N  M  Maikova 

Two-dimensional  electronic  states  on  the  interface  of  stressed  piezoelectric 
semiconductors 

M  Griesinger,  H  Bottner,  S  Kuhn,  A  Seifert  and  M  Tacke 
MBE  of  lead  chalcogenides  at  increased  residual  gas  pressures 

O  A  Mironov,  A  I  Fedorenko,  V  V  Zorchenko,  A  Yu  Sipatov,  O  N 
Nashchekina,  A  A  Konchits  and  1  M  Zaritskii 

Dislocation  superlattices  based  on  lead  and  tin  chalcogenides  as  models  for 
high  Tj  superconductors 

V  I  Litvinov  and  M  Oszwaldowski 

Interface  energy  spectrum  of  real  PbTe/SnPbTe  heterojunction 

H  A  Kenawy,  H  A  Zayed,  A  M  Abo-Elsoud  and  A  M  Ibrahim 

Effect  of  annealing  on  the  electrical  and  structural  properties  of  Sb,  ,Se,  thin 

films 

Qian  Dingrong 

Element  of  a  new  infrared  device  -  optical  transistor 

M  O  Schweitzer,  W  T  Yuen,  T  S  Jones,  C  R  McConville,  N  V  Richardson  and 
R  A  Stradling 

Damage  induced  changes  in  the  electronic  properties  of  InSb(lOO): 
implications  for  surface  preparation 

O  M  Bulashenko,  A  G  Kollyukh,  V  K  Malyutenko  and  B  A  Morozhenko 
Anisotropy  and  polarization  of  hot  electron  intraband  luminescence 

B  A  Akimov,  A  V  Albul  and  E  V  Bogdanov 

Low  temperature  switching  in  PbTe(Ga)  at  high  electric  fields 

V  A  Gorbyiev,  I  D  Zalevski,  V  B  Kulikov,  A  I  Petrov,  M  V  Chukichev  and  A 
E  Yunovich 

IR  photoconductivity  and  luminescence  of  multiple  quantum  wells 
GaAs/Ga,.,Al,As 
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1.1 

Properties  of  Sn/Ge  Superlattices 


G.  Abstreiter,  J.  Olajos,  R.  Schorer,  1’.  Vogl  and  W.  Wegscheider 
Walter  Schottky  Institut,  Technical  University  Munich 
D-8046  Garching,  Germany 


Short-period  strained-layer  u-Sn/Ge  superlattices  can  be  synthesized  by  a  low  tem¬ 
perature  molecular  beam  epitaxy  technique  which  allows  a  large  variation  of  sub¬ 
strate  temperature.  Thin,  tetragonally  distorted  a-Sn  layers  are  stabilized  on  Ge  sub¬ 
strates  by  growth  conditions  far  away  from  equilibrium.  In  the  present  contribution 
we  discuss  the  following  aspects: 

theory  of  bandstructure  of  short  period  Sn/Ge  superlattices 

possibilities  for  the  achievement  of  an  intrinsically  direct  band  gap  with  the 
Sn/Ge  system 

optimization  of  growth  conditions 

experimental  characterization  of  SnjGe^  and  Sn2Ge„,  superlattices  with 
transmission  electron  microscopy,  x-ray  diffraction  and  Raman  spectroscopy 

determination  of  the  fundamental  band-gap  of  Sn|Ge,„  superlattices  by 
photocurrent  and  absorption  measurements 
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1.2 

Structural  Proiierlies  of  Niilural  Suuerlnltices 

A.  G.  Norman*,  T-Y.  Scong^  |.  'p,  Ferguson',  G.  R.  Booker-  and  B.  A.  Joyce* 

*IRC  for  Semiconductor  Materials,  Blackett  Laboratory,  imperial  College  of  Science, 
Technology  and  Medicine,  Prince  Consort  Road,  London  SW7  2BZ,  UK 
^Department  of  Materials,  University  of  Oxford,  Parks  Road,  Oxford  OX  I  .7PH,  UK 

ABSTRACT 


The  occurrence  of  phase  separation  in  ternary  and  quaternary  Group  Ill-V 
semiconductor  alloy  epitaxial  layers  can  lead  to  the  formation  of  composilionally 
modulated  microsiruciures,  termed  “natural  superlatlices"*'^,  whose  physical 
properties  resemble  those  of  artificially  grown  superlallices.  Monolayer  natural 
superlaltices  may  also  he  generated  during  epitaxial  growth  of  these  materials  by  a 
process  of  surface  atomic  ordering,  C  ich  natural  superlallice  structures  arc 
increasingly  being  found  to  occur  in  a  wide  range  of  ternary  and  qualernary  Group  III- 
V  alloy  semiconductor  epitaxial  layers  grown  by  a  va  iety  of  techniques  such  as 
molecular  beam  epitaxy  (MBE)  and  metalorganic  chemical  vapour  deposition 
(MOeVD).  The  (Kcurrence  of  these  natural  superlattiees  can  have  a  pronounced 
effect  on  the  electrical  and  optical  properties  of  the  layers.  In  this  paper  we  will 
present  the  results  of  recent  structural  studies  of  natural  superlaltiee  structures  in 
epitaxial  layers  performed  using  transmission  electron  microscopy  and  diffraction. 
Particular  attention  will  he  given  to  the  natural  strained  layer  superlattiee  structures 
recently  discovered  in  MBE  lnAs|.,Sb,  and  GaAS|.,Sbx  layers  grown  at  low 
temperatures*  '^  which  arise  from  a  process  of  surface  phase  .separation,  and  the  surface 
induced  CuPt-type  atrtmic  ordering  on  {II I  (  planes  which  is  observed  in  (001) 
orientation  epitaxial  layers  of  many  Ill-V  alloys  including  both  lnAs,.,Sb,  and 
GaA.S|.,Sb,.  The  current  understanding  of  the  formation  mechanisms  for  the.se  natural 
superlallices  and  the  effects  of  their  pre.senee  on  the  physical  properties  of  the  layers 
will  also  be  discussed. 
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R.  A.  and  Joyce  B.  A.,  Inst.  Phys.  Conf.  Ser.  No.  1 17  (1991)  485 

2.  Ferguson  I.  T.,  Norman  A.  G.,  Joyce  B.  A.,  Seong  T-Y.,  Biniker  G,  R.,  Thomas  R, 
H.,  Phillips  C.  C,  and  Stradling  R.  A.,  Appl.  Phys.  U-ll.  59(I99|)  5324 

.3.  Ferguson  I.  T.,  Norman  A.  G.,  Seong  T-Y.,  Thomas  R.  H.,  Phillips  C.  C.,  Zhang  X. 
M.,  Stradling  R.  A.,  Joyce  B.  A.  and  Booker  G.  R..  Inst.  Phys.  Conf.  Ser.  No.  120 
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2.1 


HIGH  MAGNETIC  FIELD  STUDIES  OF  llgSc(Fe) 

Michael  von  Ortenberg 

Institut  fiir  Halbleiterphysik  und  Optik,  Hochinagnelfeldanlage, 

Technische  Universitat  Braunschweig,  D-3300  Braunschweig,  F.R.  Germany 


In  the  ternary  semimagneiic  compound  Hg|.^Fe^Se  some  of  the  Hg-ions  are 
statistically  substituted  by  Fe-ions.  The  most  interesting  features  of  this  material  are 
related  to  the  donor  properties  of  the  Fe-ion,  whose  energy  level  lies  about  210  meV 
above  the  band  edge  degenerate  with  the  quasi-free  conduction-band  states.  For 
sufficiently  large  x  >0.0003  the  Fermi  energy  gels  pinned  to  the  donor  level.  In  this 
mixed-valence  regime  a  multitude  of  interesting  phenomena  is  observed:  pronounced 
reduction  of  the  microscopic  scattering  as  effective  in  the  mobility  and  Dingle 
temperature,  fluctuations  between  delocalized  and  localized  slates  giving  rise  to  a  3- 
dimensional  analogue  of  the  Quantum-Hall  Effect,  and  spin-fluctuations.  These  effects 
are  demonstrated  in  data  of  numerous  experiments  of  magnetospectroscopy  (transport, 
magnetization,  IR-  ,  and  FIR-spectroscopy)  in  DC-magnetic  fields  up  to  18  T  and 
prtlsed  fields  up  to  1(X)  T.  The  optical  spectra  are  dominated  by  a  non-local 
interaction  between  electromagnetic  radiation  and  charge  carriers.  Different 
theoretical  approaches  ranging  from  an  effective  Wigner  condensation  over  short- 
range  correlation  are  discussed  in  relation  to  the  experimental  data.  Due  to  the 
pronounced  reduction  of  scattering  HgSe(Fe)  proves  to  be  an  ideal  matrix  to  study  the 
semimagnetic  behaviour  of  different  paramagnetic  substitutes  as  in  the  quaternary 
compound  Hgj.jj.yFCjjMnySe.  Special  interest  is  dedicated  to  possible  Q2D 
modifications  of  the  compounds  in  hetero  structures  and  super  lattices. 
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2.2 

THE  BAND  STRUCTURE  OF  MIXED  CRYSTAL  Hg  Fe  Se. 

"i «  « 

C.  Skierbiszewski',  Z.  Wilamowski^  and  J.  Kossul^ 

'  High  Pressure  Research  Center,  Polish  Academy  of  Sciences, 
Sokolowska  29/37,  01-142  Warsaw,  Poland 

Institute  of  Physics,  Polish  Academy  of  Sciences, 

Al.  Lotnikow  32/46,  02-668  Warsaw,  Poland 

In  ternary  semiconducting  compounds  A^  B  C  positions  of  the  conduction  and 
valence  band  edges  are  normally  functions  of  the  mole  fraction  x.  In 
particular,  in  zero-gap  HgSe  the  energy  gap  (E^)  opens  when  a  fraction  of  Hg 
atoms  are  substituted  by,  e.g.,  Cd  or  Mn. 

Because  mixed  crystals  Hg^  were  obtained  in  a  limited  range  of  x 

(x  <  0.2)  it  is  difficult  to  study  Eg(x)  relationship  by  traditional  methods, 

e.g.,  by  inierband  absorption.  Furthermore  high  concentration  of  free 

carriers  in  these  materials  make  optical  measurements  very  difficult  to 

interpret.  For  this  reasons  information  concerning  E  (x)  in  Hg  Fe  Se  is  not 

g  » 

completely  clear.  In  this  work  we  analyzed: 

a)  the  dependence  of  electron  concentration  vs.  x 

b)  the  mobility,  taking  the  spatial  correlations  of  impurity  charges  and  the 
chemical  disorder  scattering  into  account 

c)  the  dependencies  of  these  two  quantities  on  hydrostatic  pressure. 

From  this  indirect  analysis  we  conclude  that  : 

a)  the  crossover  from  the  zero-gap  band  to  the  open  band -gap  configuration 
takes  place  at  x  =  0.08 

b)  the  extrapolated  energy  gap  to  hypothetical  FeSe  (x  =  I)  is  3.5  eV 

c)  the  drop  of  the  mobility  as  a  function  of  x  observed  at  low  temperatures 
for  X  >  0.002  is  due  to  chemical  disorder  (alloy  scattering) 

d)  it  is  necessary  to  assume  that  the  Fe  -  related  impurity  level  broadens 
considerably  as  x  is  increased  (d  -  band  formation). 

e)  an  additional  broadening  of  the  impurity  level,  if  it  exceeds  the  value 
of  the  Coulomb  gap,  necessarily  leads  to  destruction  of  the  spatial 
correlalion  in  the  system  of  ionized  impurities. 
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SPIN  RELAXATION  IN  SEMIMETALIC  HgSeiFc 

'L.  Wilamuwski',  W.  Jantsch^  and  G.  Hcndorl'er^, 

'inslitut  of  Physics  PAS,  M/'arMW’.  ^  J.  Kepler  University,  Linz. 

Narrow  gap  seiiiiconduclors  offer  ihe  possibilily  lo  invesligale  in  detail  the  role  of 
conduction  electrons  in  spin  relaxation  processes.  In  wide  gap  semiconductors  the 
coupling  of  liKal  magnetic  moments  to  conduction  electrons  is  usually  too  weak  to  govern 
the  relaxation  of  the  local  magnetic  moment.  On  the  other  hand,  in  the  case  of  classical 
metals  the  influence  of  conduction  electrons  is  ux)  strong.  As  a  consequence  the  EPR 
line  in  metals  is  very  broad  and  cannot  be  investigated  thoroughly.  The  most  interesting 
concentration  range  of  conduction  electrons  is  achieved  in  narrow-  and  zero  gap 
semiconductors.  In  those  cases  the  sp-d  coupling  is  strong  enough  to  create  the  dominant 
mechanisms  of  spin  relaxation  and  it  is  weak  enough  to  allow  investigation  of  the  EPR 
line  width.  Moreover,  in  narrow  gap  semiconductors  it  is  possible  to  change  the  electron 
concentration,  which  makes  the  investigations  much  more  valuable. 

llgSe:Fe  is  a  peculiar  case.  In  this  material  two  different  charge  stales  of 
substitutional  iron  can  coexist.  Fe^*  ions  are  characterised  by  a  very  weak  spin-lattice 
coupling  and  a  long  spin  lattice  relaxation  time.  In  contrast,  the  spins  of  Fe^*  ions 
are  strongly  coupled  lo  Ihe  lattice  but  because  of  the  ground  singlet  stale  of  the  Fe^* 
ion  this  coupling  is  effectively  cut  off  at  low  temperatures.  We  deal  thus  with  a  set  of 
three  spin  -  subsystems  (Fe^*,  Fe^*  and  conduction  electrons)  where  the  couplings  can  be 
coniroled  by  changing  the  temperature  and  iron  doping.  A  different  doping  level  results 
in  the  concentration  changes  of  each  type  of  spins. 

Ihe  analysis  of  the  EPR  line  width  of  Fe^*  in  HgSe  reveals  new  spin  relaxation 
mechanisms.  Apart  from  the  Korringa-like  mechanism  and  dipole-dipole  broadening  Ihe 
following  mechanisms  were  observed: 

1.  Pseudo  dipolar  Fe^’-Fe^’  coupling  due  to  an  anisotropic  RKKY  exchange.  It  leads  to  a 
very  specific  angular  dependence  of  Ihe  line  width  at  low  temperatures. 

2.  The  shortening  of  the  spin  relaxation  lime  due  lo  Ihe  capture  and  emission  of  an 
electron  by  Ihe  iron  impurity.  This  process  is  activated  by  an  energy  originating 
from  Coulomb  pvrienlial  fluctuations.  The  effect  is  observed  as  a  decrease  of  the  EPR 
line  amplitude  with  increasing  temperature. 

3.  Indirect,  energetic  relaxation  of  the  Fe^'  spins.  At  sufficiently  high  Fe^* 
concentrations,  becau.se  of  the  RKKY  coupling  between  Fe**  and  Fe^*  ions,  the 
relaxation  path;  Fe^'  -->  conducting  electrons  Fe^*  lattice  becomes  the  most 
effective  one. 

One  can  conclude  that  EPR  allows  lo  investigate  different  types  of  coupling  and  the 
basic  dynamic  properties  of  a  magnetic  system  in  narrow  gap  semiconductors. 


2.4 


HYBRIDISATION-MEDIATED  SPIN  DEPENDENT  p-d  INTERACTION  IN 
SEMIMAGNETIC  SEMICONDUCTORS:  EXPERIMENTAL  PROOF 


W.Szuszkiewicz^),  C.Julien*>),  M.Balkanski^),  B.Witkowska^^) 


a)  Institute  of  Experimental  Physics,  Warsaw  University 

b)  Laboratoire  de  Physique  des  Solides,  Universite  Paris  VI 

c)  Institute  of  Physics,  Polish  Academy  of  Sciences 


For  a  zero-gap  semiconductor  the  dominant  part  of  the  spin  dependent 
exchange  interaction  between  Tg  band  electrons  and  paramagnetic  ions  comes  from  a 
strong  p^  hybridisation.  Recently  it  was  demonstrated  that  the  Heisenberg 
Hamiltonian  is  a  good  approximation  of  the  p-d  interaction  for  the  Fe^'*'  ground  state 
(*E)  faulting  from  the  crystal  field  splitting.  On  the  contrary,  for  the  F?+  excited 
stale  ('T2)  the  non-Heisenberg  terms  have  to  be  taken  into  account  to  describe  this 
interaction  [1],  some  energy  broadening  of  this  level  can  therefore  be  expected. 

In  order  to  verify  this  suggestion  we  analysed  the  Fe2+  crystal  field  optical 
transitions  for  HgSe  doped  with  iron.  Usually  it  is  impossible  to  observe  these 
transitions  for  such  a  system  because  they  correspond  to  the  spectral  region  of  a  high 
interband  absorption  coefficient.  However,  for  highly  doped  n-type  samples  in  the 
infrared  a  "transmission  window"  is  always  created.  The  low  energy  edge  of  this 
"window"  is  determined  by  the  plasma  edge,  while  the  Fg'’  -♦  Fg*^  transitions  give  the 
high  energy  "cut-ofF.  It  is  posible  to  shift  the  "transmission  window"  into  the 
spectral  region  of  the  expected  Fe^'^  crystal  field  transitions  by  simultaneously 
doping  HgSe  with  Fe  and  Ga. 

Transmission  spwtra  have  been  measured  for  different  HeSe  umples 
containiqe  1  x  ipl^  cm"’  or  3  x  10*9  cm"3  of  gallium  and  from  3  x  10™  cm"’  up  to 
l.4x  10^  cm"’  of  iron.  The  obtained  absorption  spectra  at  helium  temperature 
consist  of  two  parts:  a  strong  peak  lying  at  (2423 ±3)  cm"*  (corresponding  to  the  not 
splitted  zero-phonon  transitions)  and  a  broad  bump  lying  in  the  range  2540-2650  cm"* 
(caused  by  the  optical  phonon-assisted  transitions).  The  transmission  spectra  taken  for 
CdTe:Fe  samples  with  the  same  iron  impurity  concentrations  (for  which  the 
broadening  of  the  excited  state  *T2  could  not  be  expected)  demonstrated  well 
separated  zero-phonon  transitions.  From  the  comparison  of  the  results  the  broadening 
of  the  *T2  excited  Fe^"*"  state  in  KgSe;Fe  resulting  from  the  p-d  hybridisation  was 
estimated  to  be  not  higher  than  about  20-30  cm"*. 


[1]  J.Blinowski,  P.Kacman  and  H.Przybylirfska,  Solid  State  Commun.  72,  1021 
(1991) 
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2.5 

Iron  doping:  a  tool  to  improve  electrical  properties  of  Hgi_rZn,.Se 


W.  Dobrowolski,  K.  (Jrodzicka,  ,1.  Kossiit  and  B.  Wilkovvska 


Institiili?  of  Bliysics,  Polish  Ara<hMny  of  Sci**nrcs, 
A!.  Lotnikdw  32/-l(i,  02  ()G8  Warszawa 


U  has  Ix'cn  j)i(Hh('t»*d  tli«M)rctically  [l]  and  later  experimentally  proved  [2]  that 
llgi alloy  possesses  potential  advantages  roinpared  to  Ilgi-xCd^Te  or 
Ilgi^xf'djSe  as  a  stable  material  for  application  in  detection  of  electromagnetic 
radiat  ion. 

In  the  pr<'sent  pap<‘r  we  sliow  that  the  electrical  pn)perlies  of  Ilgi.fZnxSe  alloy 
t  an  i>e  gre.iliy  improved  by  mt‘ans  of  tioping  with  iron.  In  our  study  we  investigated 
IIg}..//nxSe  :  !'e  crystals  grown  by  the  Bridgman  method  in  a  comj>osition  range 
0  <  X  <  O  i  l,  with  iron  doping  up  to  5-  10*^  cm"b  'I'lansporl  properties  (Hall 
ejfei  I  and  t oiuhn  ti\ ity )  were  studied  in  a  broad  lemperaliirc  range  3.5  K  -  300  K. 
We  sIh)W  that,  similarly  to  the  case  of  IIgSe:Ke  [3),  the  iron  in  Ilgi-rZiijSe  acts 
a.s  a  donor  resojjant  with  the  conduction  banti  conlifiuum.  I'lns  j>ioj)erty  of  Pe 
dtniors  stabilizes  the  free  oh*ctron  com enlration  n  (no  passive  annealing)  and  leads 
to  sizable  t'rilianceinent  of  the  free  electron  mol)ilily  at  temperatures  at  which  tin* 
ciiaigt'il  center  scattering  is  a  mobility  limiting  iiKMhanisin. 

'Die  »'nergy  ot  tlie  lesonaiil  l  e  level  is  <h*terminc<l  fmm  u  vs.  x  de))enden((*. 
I'lntherniore,  this  (plant ity  together  with  pr<‘vionsly  d(‘tei mined  energy  gap  vs.  x 
rrbil  io/iship  (  l)  pnn  idei)  an  (\stimal(*<)f  the  < ondin  t ion  band  offset  in  llgj  _j.ZnjSe. 


(i|  A.  .Slier.  A.  U.  ('hen,  K.K  Spicer  and  (M\.  Sliih,  ./.  \'uruu7it  .SV/  Ttrhuvi  A3, 
HP)  ( l!tS.5) 

(2|  S  i).  (*oi)b,  U.N.  Andrews,  T.B.  Szofraii  and  S.b.  l,ehoczlvy,  ./.  ('njstal  Growth 
liO.  115  (1!)!)1) 

(•Ij  recent  review  ;  .1.  Kossnl,  W.  Dobrowolski,  Z.  Wilaiiiowski,  I  .  Diet!  and  K. 
Swiiflek.  .S'f  niiVniid.  .SVr  'I'iriinol.  5,  Si  ll  (1!)!)0) 

[l]  N.i*.  ( iavale.shko,  W.  Dobrowolski,  M.  Baj,  f-.  Dmowski  and  3’.  Died,  in  l*vor. 
7/v/  hit.  ('onj.  rhi/sirs.  of  ,\arroir-Gap  St  inirond.  B(irs.:<m.'«  /P77(Kdil('d  by  ,1. 
Ibinbiszkiewicz,  M.  (lorska  and  K.  Kaezmarek),  PWN  -  (\)(isii  Scientific  Ihiblislnns, 
Warsaw  and  North  Holland.  Ainstcnlain,  M)S8  p.  331 
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2.6 

HIGH-TiZMPERATURE  MAGNETIC  FREEZING  IN  (Cd,.,Mn,),As, 

E.  LShderanta,  R.  Laiho,  A.V.  Lashkul,  A.  MiUdnen  and  V.S.  Zakhvalinsld* 

Wihuri  Physical  Laboratory.  Univenity  of  Turku,  20500  Turku,  Finland 
'Institute  of  Applied  Physics,  Academy  of  Sciences  of  Moldova,  277028  Kishinev, 

Moldova 

(Cdi,,Mn,)3As2,  shortly  CMA,  is  a  semimagnetic  n  -  type  semiconductor  with  E^  -  -0.095 
eV  (1).  Single  crystals  of  CMA  with  x  =  0.04  and  0.10  were  prepared  by  moving  slowly 
a  temperature  gradient  along  an  ampule  containing  the  melted  stoichiometric  mixture  of 
pure  ^3As2  and  Mn3As2  (modified  Bridgman  method).  The  magnetic  susceptibility  of  the 
grown  crystals  were  investigated  in  a  wide  range  of  temperatures  and  magnetic  fields  by 
using  a  SQUID  magnetometer. 


Below  a  certain  temperature  Tj  (~  200 
K  for  X  =  0.10)  results  show  a 
difference  between  values  of  Xdcf^ 
measured  for  samples  cooled  in  zero 
magnetic  field  (ZFC)  and  in  a  field 
(FC),  respectively  (see  the  figure). 

This  difference  grows  with  increasing 
Mn  concentration.  It  can  be  seen  only 
in  relatively  weak  applied  fields  (H  ^ 

300  Oe  for  X  =  0.10).  This  is 
obviously  the  reason  why  the  freezing 
of  moments  around  200  K  was  not 
observed  in  investigations  (2,3)  made 
in  a  field  of  several  kilogauss.  Our 
observations  indicate  that  at  Tf 
freezing  of  magnetic  moments  takes 
place  in  CMA  with  x  2  0.04.  When 
the  field  is  increased  the  difference  of 
Xdc(FC)  -  diminishes  and  the 

temperature  dependence  of  Xdc 
approaches  the  Curie-Weiss  law  with 
a  large  negative  value  of  the  Curie 
temperature.  Weiss  law  to  the  ZFC  curve. 

An  interesting  feature  is  that  in  addition  to  the  freezing  of  magnetic  moments  at  high 
temperatures,  as  discussed  above,  there  is  a  low  temperature  spin  glass  transition  in  CMA 
at  ^  5  K  (2.3).  Before  this  work  two  consecutive  spin  glass  like  freezing  phenomena 
were  known  to  exist  only  in  (Zn,  ,Mn,)3As2  (4).  We  attribute  these  effects  to  formation  of 
a  complex  system  of  magnetic  clusters. 

1.  J.J.  Neve  et.  al.,  J.  Phys.  C;  Solid  Sute  Phys.  IS.  4795  (1982). 

2.  C.J.M.  Denissen  et.  al.,  Phys.  Rev.  B33,  7637  (1986). 

3.  Z.  Olinski  and  W.  Zdanowicz,  Acta  Phys.  Pol.  A69,  1067  (1987). 

4.  E.  Lahderanta  et.  al.,  Proc.  Int.  C^f.  Magn.,  ICM-91,  Edinburgh,  Sept.  1991, 

I.  Magn.  Magn.  Mater,  (to  be  published). 
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Temperature  dependence  of  x<jc(ZFC) 
and  Xdc^^’C)  for  CMA  with  x  =  0.10. 
The  solid  line  is  a  fit  of  the  Curie- 


3.1 


Nuvfl  M.igiKto  IVanspoii  an«l  NiagiicloOpl ical  Processes  in 
Scinimelallic  Ilg  le  (’d  le  Su|nTlatiices 

A  lluffnian,  J.  li  Mi-yer,  and  F.  Hartoli 
Code  (1551,  Naval  Kescaicii  Fahoratory,  Washington,  !)('  201175 

Ke<\*nl  observations  of  novel  rdcctronic  pioc<“sscs  in  scinimelallic  Hg  le-C’dTe  sufxnlal- 
iu»*s  will  lie  reviewed,  in  flic  context  of  distinctive  features  in  tlic  snperlaltice  band  stnic- 
Inies.  U  will  be  demunstiaietl  that  most  of  tlie  observed  phenomena  are  eitlier  <liiectly  or 
indirectly  related  to  an  anti dossing  of  the  Hill  band,  which  is  nearly  dispcrsionlcss  in  llu- 
gnnvth  din'ction  F.,  and  the  Kl  hand,  whidi  has  strong  <!ispersion  in  kg.  For  example,  it 
lias  H'centlv  been  demonstrated  lliat  there  is  a  critical  magnetic  held  above  whicii  one 
<  an  magnetically  activate  a  bipolar  plasma  wjiose  deni-ity  increases  linearly  with  B  -  Z^cia- 
Dramatic  experimental  confirmation  of  the  elfect  is  provided  by  low-tcinperature  magneto¬ 
optical  data  showing  the  emergence  of  minority  holes  in  an  n  type  superialtice  whenever 
//  >  ffuii-  Similarly,  a  ra(»id  variation  of  the  momentum  rt'laxalion  time  with  energy  gaj>, 
and  home  leads  to  the  observation  of  broad  <|uanlnm  Hall  plateaus  in  superlattices  with 
strong  dl)  dispersion.  This  cojjtradicts  the  previous  thc(jretical  understanding  of  how  di¬ 
mensionality  inHuences  tire  (piantum  HaN  effect,  since  it  occurs  even  in  structures  for  wliich 
the  miniband  witlth  is  comparable  to  or  larger  than  the  Faiulau  h  vel  spacing.  Oilier  topics 
lo  be  discussed  im  Inde  recent  leclinojogical  advances  to\  ard  mote  sophisticated  sturtnies 
(«■  g  ,  controlled  modrjiation  doping,  stdback  doping,  and  supeilatlice  lU  detector  arrays). 
( omprvh<*n>ive  new  theoretical  descriptions  of  magneto  transport  ami  magneto  absorption 
m  llgle  ('d  ie  siiperlattic<’s,  and  novel  processes  piedicleil  lo  occur  in  Ilgle-CM’l’e  (]VUin 
(imi  wiic.s  (giant  .sideband  sjilillings,  quantised  balli.slic  c<>mlu<  tance  per  well  n,  fractiounl 
units  of  { ^//i,  magnetic  closure  of  the  energy  gap,  etc.) 
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3.2 


Pressure  Dependence  of  Infrared  Photoluminescence  Spectra 
from  HgTe/HgCdTe  Superlattices 

H.  M.  Cheong,  J.  H.  Burnett.  W.  Paul,  and  P.  M.  Young 
Department  of  Physics  and  Division  of  Applied  Sciences,  Harvard  University, 
Cambridge,  Massachusetts  02138,  USA 
J.  F.  Schetzina 

Department  of  Physics,  North  Carolina  State  University, 

Raleigh,  North  C.  rolina  27695,  USA 

We  have  investigated  the  pressure  dependence  of  the  band  gap  of 
HgTe/HgCdTe  superlattices  (SL’s)  using  infrared  photoluminescence  (PL) 
spectroscopy  at  liquid  nitrogen  temperature  up  to  30  kbar.  We  observed 
several  PL  peaks  with  energies  ranging  from  -130  meV  to  -700  meV.  The 
most  prominent  peak  at  -130  meV,  which  has  been  attributed  to  the 
recombination  across  the  SL  band  gap,  moves  higher  in  energy  with  a 
pressure  coefficient  of  s  1  meV/kbar.  Other  peaks  at  higher  energies,  whose 
origins  are  not  clear,  have  similar  pressure  coefficients  of  0-2  meV/kbar.  A 
calculation  based  on  the  envelope  function  approximation,  assuming  that  the 
valence  band-offset  value  is  350  meV  and  pressure  independent,  indicates 
that  the  SL  band  gap  increases  with  pressure  at  a  rate  of  -6.5  meV/kbar 
near  zero  pressure,  and  this  rate  increases  to  -8  meV/kbar  at  -20kbar. 
Neither  a  small  valence  band  offset  value  (-40  meV)  nor  varying  input 
parameters  changes  this  rate  by  more  than  10%.  The  calculated  pressure 
dependence  of  the  SL  band  gap  of  meV  is  far  outside  the  error  bars  of  the 
measured  pressure  dependence  of  the  main  peak,  si  meV/kbar.  Possible 
explanations,  including  a  modification  of  the  current  model  of  HgTe/HgCdTe 
SL  bands  and  reinterpretation  of  the  PL  peaks,  will  be  examined. 


21 


3.3 


Infrared  Photoluminescence  on  molecular 
beam  epitaxially  grown  Hgi_,  Cd,  Te-layers 

M.M.  Klim.,,  V.S.  W'li.  C’.H.  Becker.  G.  Laiidwelir 
PliyriikiiliM  lies  <|.  I'liiver.sitat  \Vrn/.l)urf>.  0-8700  Wuizhurf!; 

Mardi  i;}.  1992 


Abstract 

llgj-jCdj  le  ift  an  imporlaid  material  for  infrared  <ievi«o  lochiiology.  Despite 
a  varieiy  of  invesi igal ions  on  iitotetular  beam  epitaxially  (Mllb)  grown  llg-based 
•^npi'riai  In  e>  and  modulation  sloped  striirtures.  little  attention  lias  been  |>aid  to  the 
>lud\  of  1  he  piinloliiiiiiiiescenre  pr<ip<‘lties  of  the  tonstituent  materials- 

We  r<  ()orf  here  on  the  first  systemalie  study  of  infrared  pbotolninineMem  e  on 
llgi^jCd,  lelayirs  grown  bv  Mill,.  I  be  lourier  transform  pbololumineseence  of 
IIri  dj  1,.  layers  with  <'  j  *  O.hO  grown  on  (IIO)  ami  (211)  (laAs  was 

invi'Migateil  in  the  spectral  rang<‘  fioin  I'd)  me\'  HOO  meV.  ^.mis^ion  lities  were 
observed  witli  a  (u({  willi  at  half  maximum  drmrt  fr  If/  iurV. 

lMi<‘tolintiinescen(e  and  Iransmisshm  properties  are  compared  over  the  tempe¬ 
rature  range  from  1.2  K  to  d(ll)  K.  I  lie  jiossibh’  inlliiemi*  <d  Hur.slidn- .\b>.vs  shift, 
iiiipiirily  liaiids.  am!  band  tailing  are  discussed. 

IMiotolnminesceiue  at  high  tempera! iir<*s  originates  from  baml  to  hand  tran- 
’-it tons.  However,  low  tempera! ure^  photoinmineceme  can  be  attributed  both  to 
impu''ii>  bands  or  ad<litional  states  due  to  band  tailing- 


22 


3.4 


Observation  of  Magnetophonon  Resonance  Oscillations  in 
Open-Gap  Hgi-x-j/Cd^MnyTe  Grown  by  LPE 


,  Shinji  Kuroda  and  Hyuk-Jin  KwoN 


Institute  of  Materials  Science.  University  of  Tsukuba, 
Tsukuba,  Ibaraki  305,  JAPAN 


Hgi-i_,Cd,Mn,Te  (HCMT)  is  a  new  quatenary  Hg-based  adloy,  wliich  has  the  cliar- 
acteristics  both  as  a  narrow-gap  and  a  semimagnetic  semiconductors.  In  this  study  HCMT 
crystals  of  positive  energy  gap  (Eg  >  0)  have  been  successfully  grown  on  CdTe  substrates 
by  the  LPE  method  from  Hg  solution.  The  result  of  Hall  measurements  showed  that 
the  obtained  crystals  are  n-type  with  carrier  concentration  n  =  10'^  ~  10'^  cm"’  and 
mobility  =  10*  ~  lO’cm’/V  -s. 

Figure  1  illustrates  a  typical  example  of  the  transverse  magnetoresistance  p  at  various 
temperatures.  In  this  figure,  the  second  derivatives  —d^pIdH^  are  shown  to  enlarge 


minute  changes  in  p.  One  can  clearly  dis¬ 
cern  oscillatory  structures  in  this  temper¬ 
ature  range.  These  structures  are  inter¬ 
preted  as  due  to  the  magnetophonon  res¬ 
onance  (MPR);  the  transition  of  electrons 
between  conduction  Landau  levels  with 
the  emission  of  one  LO-phonon.  The  reso¬ 
nance  peak  positions  (indicated  by  arrows 
in  the  figure)  shift  towards  the  higher  field 
with  the  increase  of  temperature  T.  The 
T-dependence  of  the  observed  peak  posi¬ 
tions  is  found  to  be  much  stronger  than 
those  predicted  theoretically  on  the  ba¬ 
sis  of  the  hand  calculation.  The  origin  of 
this  anomalous  T-dependence  will  be  dis¬ 
cussed. 


0  I  2  3  C 

MAOtCTIC  FIELD  (Tl 


Figure  1  ;  A  typical  ex.inple  of  second 
deiivalives  of  tiansveise  magnetoiesistance  in 
Hgi_j_,Cd,Mn,Te  (i  ~  19.8%,  y  ~  1.2%) 
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3.5 

ELECTRICAL  PROPERTIES  OP  m  AWDIC  OPPE-HgZnTe  IWTBRPACE 


I.  Esquivlas.  J.  Baars,  and  D.  Brink 
Fraunhofer-Instltut  fOt  Angevandte  FestkOrperphyslk, 

Tullastr.  72,  D~7800  Freiburg,  Germany 

0.  Eger 

Soreq  Nuclear  Research  Center,  Yavne  70600,  Israel 

The  electrical  properties  of  the  passivating  layer-semiconductor 
interface  play  a  crucial  role  on  device  performance.  Hgj_,Zn^Te  (M2T)  is 
considered  an  alternative  material  to  Hgj_j,Cd,Te  (MCT)  for  Infrared 
detectors.  To  the  best  of  our  knowledge,  only  Eger  and  Zigelman*  have 
studied  some  properties  of  insulator  layers  on  MZT.  They  reported,  on  the 
basis  of  Hall  effect  measurements,  a  lover  tendency  to  form  inversion  layers 
in  p-type  MZT  passivated  with  anodic  oxide  than  in  MCT.  Ue  present  here 
results  concerning  the  electrical  properties  of  the  anodic  oxide-HZT 
interface,  performed  by  Capacitance-Voltage  (C-V)  measurements  of  Metal- 
Insulator-Semiconductor  (MIS)  capacitors. 

The  MZT  samples  (x  =  0.167,  E,  =  114  raeV  at  77  K)  were  grown  by  LPE^  and 
annealed  in  a  Hg  atmosphere.  Hall  effect  measurements  at  variable 
temperature  were  performed,  and  a  good  fitting  between  theoretical  and 
experimental  curves  was  achieved  by  using  empirical  relations  for  the 
dependence  of  the  energy  gap  and  intrinsic  carrier  concentration  with  the 
temperature.  An  acceptor  concentration  of  1.6xl0‘‘  cm~^,  with  an  ionization 
energy  of  3  raeV,  was  determined. 

The  insulator  of  the  HIS  structures  consited  of  50  nm  of  conventional 
anodic  oxide  and  300  nm  of  ZnS.  MCT  samples,  with  similar  energy  gap  and 
doping  level  at  77  K  as  those  of  MZT,  were  simultaneously  processed  for 
comparison.  The  experimental  C-V  curves  were  compared  with  theoretical 
curves,  which  were  calculated  taking  into  account  the  conduction  band 
non-parabolicity  and  Fermi-Dirac  statistics,  and  using  the  band  structure 
parameters  (hole  effective  mass  and  Kane  matrix  element,  P^.)  of  MCT  with 
similar  gap.  While  a  good  theoretical-experimental  fitting  was  achieved  in 
the  MCT  samples,  significant  differences  were  found  in  the  inversion  region 
of  the  MZT  devices.  This  was  attributed  to  a  different  value  of  P„  in  MZT 
than  in  MCT.  The  fixed  insulator  charge  density,  0,,,  was  lover  in  MZT  than 
in  MCT,  but  the  semiconductor  surface  was  still  inverted  at  0  V  of  gate 
bias. 

The  Q,,  of  the  MZT  devices  was  found  to  increase  after  10  hours  of 
annealing  at  100  °C,  while  a  similar  increase  was  found  after  only  1  hour  in 
the  MCT  samples.  This  confirms  the  expected  better  stability  of  the  MZT 
interfaces  with  respect  to  MCT  interfaces. 

References 

1.  D.  Eger  and  A.  Zigelman,  Proc.  SPIE,  vol.  1484,  p.  48,  1991. 

2.  A.  Sher,  D.  Eger,  A.  Zemel,  H.  Feldstein,  and  A.  Raizman,  J.  Vac.  Sci. 

Technol.  A4,  2024,  1986. 
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A  new  mrii.ii  or  the  liFK  metluxl  !:?  apiilU-il  to  /T'-wth  .  i 

epJtaxlaJ  ^  Jayery  with  the  oiior;’’.'/  <7ip  I'.m  'lou  rn-'V 

ami  their  i.inique  properties  aiv  (lemons trat>il. 

The  teinperatuj*f  oonclltlons  or  the  prix.’ess  were  e-stahl  Ishe  t 
hy  the  deiaiietl  experimental  Inver 'Igatlon  or  the  To  rli*h  i**.-inp” 
sltJens  (i]'  tlie  phase  fllat^ram  hy  th(’  methoi.1  or  dlivot  visual 
servatJon  .  The  mode:  or  oompletely  associated  solutions  ap>{tl  led 
to  this  .system  gave  .an  excellent  c.c»inch1e'nci'  or  the  theoretheil 
and  exper linen ta.L  results. 

Layers  grown  on  CdZnTe  substrates  have  thickness  ui  dii  |im. 
sin'M'th  surface  with  tlie  small  steps  not  exceeding  u.l|iin.  Structu- 
I'al  charactei'ist Ics  of  the  substrates  and  the  layers  were  Invej; 
tlgated  by  means  of  the  x-ray  topograpliy ,  two--  and  three- erystai 
dli'rac  tome  try  .and  the  positive  efrect  of  the  isoperbyth’ 
subs  t ra  tes  was  dem'Mis  I ra ted . 

To  obtain  the  low  concentration  of  the  carriers 
(n,p-U)’^  ui’^cm'''^)  the  annealing  procedures  have  been  developed. 
The  llt’etlme  or  nonequl  11  Ibrlum  charge  carrlc^rs  del'lned  by  the 
photoconductivity  relaxation  reaches  4U  ps  at  TYK  that  pinwey  uv- 
Low  concentration  oi’  the  recombination  centres  .as  well  a.s  high 
structui’al  pen’eiUlon.  i'hotolumJnescenc-e  studies  near  heJliun  lem 
peralures  demonstrated  one  Impurity  line  In  n-type  material  and 
three  ones  In  p-type.  The  analysis  shows  that  In  the  l.ast«  c.ase 
two  1  in(;s  are  caused  by  mercury  vai 'ancles  (singly  and  doubly 
loiiP’.ed)  while  the  third  ohe  has  the  same  uaiure  .as  In  u  iype  ma 
i.erial  and  l.s  caused  by  the  acceptor  1mpurJtlt;s.  it  was  shown, 
that  tht;  temperature  behavlc.r  or  the  band  to-baml  line  could  be 
expl:i!ri(;d  by  the  contribution  or  excltons  at  temperatures  low 
than  o(iK.  cycjoi.piii  ref’.oiiance  In  n-typo  material  was  observed  and 
|•^^^•ctlVl-  ina.s.ses  oi'  elei'tron;?  were  evaluated. 

The  oijsei'Ved  eri’ects  conrinn  the  high  quality  oi*  epl layers 
I'n-in  ih"  fioint  of  vi<!W  of  purity,  structur"  .and  homogenlly. 

25 


4.1 


I'unneling  in  ('ross-(>a|i  Systems 

R  H.  Mcnticz 

IBM  Rcscjiich  f)i\isi(in,  I.  I.  Watson  Research  C'enter 
forklown  Heights,  NY  lOS'iS.  USA 

1  he  InAs-CiaSb  hetcrostriicturc  constitutes  the  prototype  of  cross-gap  systems,  in  vchich 
the  bottom  of  the  coniluction  band  of  the  foinier  is  lower  in  energy  than  the  lop  of  the 
bottom  band  of  the  latter.  Such  an  unusual  band  alignment  provirlcs  novel  properties 
to  siruciurcs  foiined  with  those  two  semicomluclors,  as  illustrated  in  the  tunnelling 
current  characteristics  of  an  InAs  c)uantum  well  cladded  by  GaSb  electrodes,  which  in¬ 
volves  the  resonant  .ransport  of  holes  between  the  cleclrixles  via  electron  stales  in  the 
well. 

Ibis  talk  will  review  iiilerband  resonant  tunneling  in  selected  heleroslruciures  based  on 
InAs-GaSb  (e.g,,  CiaSb-AISb-lnAs-AISb-GaSb),  focusing  on  the  effects  of  a  magnetic 
Held  parallel  to  the  tunneling  current,  that  is,  perpendicular  to  the  materials  interfaces. 
I  he  unique  combination  of  a  large  Landau-level  separation  in  InAs  (even  for  very 
moderate  Hlim  '  and  of  a  quasi-monoenergelic  distribution  of  holes  m  the  (laSb 
electrodes  has  mavie  it  possible  to  do  magnetic-level  spectroscopy  Horn  the  curicnl- 
vollage  characteristics  anvl  to  icsolve  spin-split  stales  at  high  Helds,  Horn  which 
magnctic-HeUI-inducetl  charge  transfer  ireiwccn  liiA-.  and  G.iSb  and  oscill.itior.s  of  the 
I  andc  factor,  g,  as  a  function  of  magnetic  Held  has  been  dcmonstiated. 
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4.2 

Far  Infrared  Ga|.,In,Sb/InAs  Superlattices 
R.H.  Miles,  D.H.  Chow,  A.T.  Hunter  and  J.N.  Schulman 
Hughes  Research  Laboratories,  Malibu,  California  90265 
T.C  McGill 

California  Institute  of  Technology,  Pasadena,  California  91 125 

The  lype-II,  broken  gap  band  alignment  between  Ga,.,ln,Sb  and  InAs  results  in 
long- wavelength  infrared  energy  band  gaps  for  superlattices  composed  of  these  materials.  The 
calculatedelectronic  band  structure  of  Ga,.,ln,SbAnAs  supcrlattices  is  qualitatively  distinct  from 
that  of  conventional  LWIR  materials  such  as  Hg,  ,Cd,Tc,  which  is  expected  to  result  in 
superlattice  IR  detectors  superior  in  operating  temperature  and/or  detectivity  to  those  based  on 
Hg  I  -xCd.Te  alloys.  Specifically,  detectors  based  onGa,.,ln,Sb/!nAs  superlattices  are  ultimately 
expected  to  benefit  from  reduced  noise,  owing  to  a  substantial  reduction  in  tunnelling  leakage 
currents  and  the  suppression  or  elimination  of  intrinsic  impact  ionization  processes. 

We  will  present  recent  optical  data  which  support  these  predictions  and  which  illustrate 
the  utility  of  these  superlattices  at  wavelengths  beyond  those  currently  accessible  to  Hg,.,Cd,Te. 
In  addition,  we  have  extended  tight  binding  calculations  of  the  electronic  band  structure  of  these 
superlattices  to  describe  the  InSb-  or  GalnAs-like  nature  of  the  interfaces.  We  have  previously 
demonstrated  the  capability  to  change  the  nature  of  our  interface  through  the  use  of  appropriate 
shutter  sequencing  and  interrupts  during  MBE  growth,  and  have  observed  dependencies  of  the 
energy  gap  on  interfacial  chemistry.  Our  calculations  yield  energy  gaps  and  effective  masses 
which  are  in  good  agreement  with  experiment,  and  suggest  dependencies  of  absorption 
coefficients  and  transport  processes  on  the  nature  of  the  interfaces.  Recent  results  in  the 
development  of  Ga,  Jn,Sb/InAs  superlattice  detectors  will  also  be  presented. 
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4.3 


The  Effect  of  Interface  Bond  Type  on  the  Structural  and 
Optical  Properties  of  MBE  Grown  GaSb/InAs  Superlattices 

J.R.  Waterman,  B.V.  Shanabrook,  R.J.  Wagner, 

M.J.  Vang,  J.L.  Davis,  and  J.P.  Omaggio 
Naval  Research  Laboratory,  Washington,  DC  20375 

The  effect  of  interface  bond  configuration  on  the  structural 
and  optical  properties  of  short  period  (50  A)  GaSb/InAs 
superlattices  has  been  examined.  Since  early  work  in  this  material 
system,  HBE  growth  techniques  have  advanced  to  allow  control  of  the 
microscopic  nature  of  the  interface  between  the  two  constituents. 
In  particular  it  has  been  recognized  that  in  an  AB/CD  superlattice, 
it  is  possible  to  have  interface  bonds  that  are  either  "AD-1 ike" 
or  "CB-like".  Structures  consisting  of  8  monolayers  of  GaSb  and 
7  monolayers  of  InAs  with  either  "GaAs-like"  or  "InSb-like" 
interface  bonds  were  grown  by  MBE  on  (100)  GaAs  with  a  1  micron 
GaSb  buffer  layer.  Interface  bond  type  was  established  by  precise 
control  of  the  shutter  opening  and  closing  sequences  at  the 
interface.  Growths  were  performed  at  390  C  to  minimize 
interdiffusion.  The  number  of  monolayers  of  each  constituent  was 
determined  in-situ  using  RHEED  oscillations,  and  confirmed  with 
ex-situ  x-ray  measurements. 

X-ray  diffraction  measurements  exhibiting  up  to  7  satellite 
lines  revealed  a  marked  difference  in  the  average  superlattice 
lattice  constant  for  the  two  different  interface  bond  type 
materials,  with  the  "InSb-like"  and  the  "GaAs-like"  bonded  samples 
having  lattice  constants  of  6.103  and  5.993  A  respectively.  This 
difference  is  in  good  agreement  with  that  expected  based  on  the 
difference  between  the  bulk  Ga-As  and  In-Sb  bond  lengths  and 
elastic  coefficients,  assuming  coherent  strain.  Good  agreement 
between  experimental  diffraction  peak  positions  and  intensities  and 
calculations  using  a  kinematical  x-ray  scattering  model  taking  into 
account  the  interface  bonding  differences  has  been  achieved. 

The  high  quality  of  the  material  is  demonstrated  by  Raman 
scattering  measurements  which  have  revealed,  for  the  first  time  in 
this  material  system,  the  presence  of  folded  acoustic  phonons  as 
well  as  the  previously  observed  modes  characteristic  of  both  "GaAs- 
like"  and  "InSb-like"  Interface  bonds.  The  period  determined  from 
the  position  of  the  first  folded  phonon  doublet  is  in  excellent 
agreement  with  that  determined  from  x-ray  diffraction.  The  "InSb- 
like"  mode  is  observed  in  both  types  of  samples,  while  the  "GaAs- 
like"  mode  was  observed  only  in  the  "GaAs-like"  interface  sample. 
This  is  in  contrast  to  previous  results  on  MOCVD  grown  material 
where  the  "GaAs-like"  mode  dominated  the  spectra  for  both  types  of 
samples.  The  "InSb-like"  mode  was  stronger  in  the  sample  intended 
to  have  that  type  of  interface.  This  behavior  is  indicative  of  the 
high  degree  of  structural  perfection  of  these  samples.  The  InAs 
TO  phonon  energy  as  determined  from  far-infrared  transmission 
measurements  was  217.7  cm',  indicating  that  the  InAs  layer  is 
coherently  strained. 

Bandgaps  determined  from  photoconductivity  and  interband 
magnetoabsorption  measurements  were  in  good  agreement  with  one 
another,  with  the  "GaAs-like"  and  "InSb-like"  bonded  samples  having 
gaps  of  0.288  and  0.250  eV  respectively.  The  difference  between 
the  two  is  attributed  to  interface  bonding  effects.  This  effect 
will  bt  discussed  in  terms  of  band  offsets  and  effective  layer 
thicknesses. 
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4.4 


Investigation  of  In  As/(In,Ga)Sb  superlattices  grown  by 
molecular  beam  epitaxy  on  the  [100]  and  [111]  orientations 


T.D.  Golding,  J.T.  Zborowski,  J.A.  Dura,  and  A.  Vilianic 

Department  of  Physics,  University  of  Houston.  Houston,  Texas,  77204,  USA 

D.  W.  Donnelly  and  B.C.  Covington 

Department  of  Physics.  Sam  Houston  State  University,  Huntsville,  Texas,  77341,  USA 

E.  MacDonald 

Department  of  Physics  and  Astronomy,  University  of  Cardiff,  Cardiff.  UK 


We  will  present  details  of  the  growth  characteristics,  chemical,  electrical,  structural  and 
optical  properties  of  lnAs/lnxGai.,Sb  (0<x<0.4)  strained  layer  superlattices  (SLS)  grown 
by  molecular  beam  epitaxy  (MBE). 

The  InAs/lnxGai-jSb  superlattice  is  type  11,  in  which  the  conduction-band  minimum  of 
InAs  is  lower  in  energy  than  the  valence  band  maximum  of  GaSb,  resulting  in  a  superlattice 
that  can  have  a  band  gap  smaller  tnan  that  of  either  constituent  material,  and  for  sufTicenlly 
thick  periods  the  system  can  be  metallic. 

Our  study  has  investigated  growth  of  the  lnAs/lnxGa|.,Sb  SLS  on  both  the  1100)  and 
[111]  growth  orientations.  Epitaxy  has  been  characterized  by  in  situ  reflection  high  energy 
electron  diffraction,  interface  chemistry  and  structure  by  x-ray  photoclectron  spectroscopy 
and  x-ray  reflectivity,  and  the  structural  properties  of  the  SLS  by  x-ray  diffraction.  SLS 
with  period  thicknesses  in  the  range  25A-200A  have  been  characterized  by  temperature 
dependent  Fourier  transform  infrared  spectroscopy. 

The  talk  will  present  comparative  aspects  of  the  growth,  interface  chemistry,  structural 
properties  and  optical  response  of  structures  deposited  on  both  the  |lll|  and  |100| 
orientations. 
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4.5 


MAGNETO-OPTIC  AND  MAGNETO-TRANSPORT  STUDY  OF 
InAs/Gaj_^Inj^Sb  SUPERLATTICES 

J  P.  Omaggio,  R.J.  Wagner,  J.R.  Meyer,  C.A.  HoRman  and  M.J  Yang 
Naval  Research  Lab,  WojAinjton,  D  C  20S75 

D.H.  Chow  and  R  H.  Miles 

Hughes  Research  Laboralortes,  Malibu,  California  90265 

The  band  gap  of  InAs/Gaj_j^In^Sb  superlattices  have  been  determined  by 

interband  magneto-optics  and  by  magneto-transport  measurements  as  a  function  of 
magnetic  field  and  temperature.  Superlattices  with  individual  layer  thicknesses  of  24  to 
41  A  and  z  values  from  0.24  to  0.29  were  grown  on  (100)  GaAs  substrates  by  molecular 
beam  epitaxy  (MBE).  Interband  magneto-optic  measurements  were  taken  using  a  Fourier 
transform  infrared  spectrometer  with  the  sample  in  the  Faraday  orientation  at  4.2  K  with 
magnetic  fields  of  0  -  12  T.  Optical  transitions  between  the  valence  and  conduction 
(suB-band),  n  =  0,  1,  2,  and  3  Landau  levels  were  observed.  In  this  study,  a  Kane  modd 

with  an  applied  magnetic  field  (  k^  — •  (n  +  -^) )  was  used  to  fit  the  data  and 

determine  the  band  gap  Van  der  Pauw  magneto-transport  measurements  were  also 
performed  and  Hall  and  conductivity  data  were  obtain^  for  magnetic  fields  in  the  0  -  7  T 
range  for  temperatures  between  4.2  and  300  K.  Electron  and  hole  densities  and  mobilities 
were  determined  by  performing  a  mixed  conduction  analysis  of  the  field  dependent  data  at 
each  temperature  Band  gaps  determined  by  the  two  methods  were  in  good  agreement  and 
ranged  from  97  to  152  meV.  These  measur^  gaps  were  found  to  be  in  good  agreement  with 

gaps  calculated  using  a  two  band  (Bastard^)  model. 

The  first  measurements  of  carrier  effective  masses  are  also  reported  in  this  paper. 
Both  electron  and  hole  masses  were  measured  by  cyclotron  resonance  at  4.2  K, 
Measurements  in  both  the  Faraday  and  Voigt  geometries  with  both  n  and  p— type  samples 
give  the  masses  in  both  the  planer  and  superlattice  growth  direction.  Both  electron  and 
hole  masses  were  found  to  be  around  0.03  m^  which  is  on  the  same  order  as  predicted  by 

2 

Smith  and  Mailhiot  .  Furthermore  these  masses  agree  with  the  reduced  effective  mass 
obtained  from  the  interband  magneto-optic  data.  The  electron  masses  are  a  factor  of  4  —  5 
than  in  HgCdTe  which  is  critical  for  the  success  of  this  material  system.  The  larger  mass  is 
needed  for  reduced  dark  leakage  currents  (from  tunneling)  in  photodiode  IR  detectors. 

Finally,  the  electron  and  hole  mobilities  were  determined  from  the 
magneto-transport  measurements.  At  150  K,  electron  mobilities  from  3900  to  4700 

cm  /V-sec  were  observed  and  hole  mobilities  from  800  to  ISOs)  cm^/V-sec.  The 
temperature  dependence  indicates  that  some  mechanism  other  than  phonon  scattering  is 
limiting  mobility. 


*G  Bastard,  Phys  Rev  B,  vol.  25,  p  7584  (1982). 

2 

D  L  Smith  and  C  Mailhiot,  J.  AppI  Phys.  vol  62,  p  2545  (1987) 
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4.6 


Investigation  of  Sb/GaSb  multilayer  structures  for  potential 
application  as  a  narrow  bandgap  system 


T.D.  Golding,  J.A.  Dura.  H.  Wang,  J.T.  Zborowski,  A.  Viliante,  and  J.H.  Miller,  Jr. 
Department  of  Physics,  University  of  Houston,  Houston,  Texas,  77204,  US  A. 


We  will  present  results  of  an  investigation  into  the  molecular  beam  epitaxial  growth  of 
SbAJaSb  heterojunctions  and  multilayer  structures.  The  motivation  of  this  study  is  to 
utilize  spacial  quantization  effects  in  the  Sb  layers  to  induce  a  positive  valence-conduction 
band  energy  gap  in  the  Sb  semimetal  layers. 

The  GaSb/Sb  system  has  a  number  of  advantageous  features  relevant  to  synthesis  of  an 
epitaxial  semimetal/semiconductor  system.  Sb  has  an  rhombohedral  structure  and  is 
closely  lattice  matched  to  GaSh  (Aa/a  =  0.012  at  273K).  Because  the  biatomic  planar 
structure  of  Sb  mimics  the  (111)  plane  in  the  zincblende  structure  registry  between  the 
zincblende  and  rhombohedral  lattice  is  preserved  if  epitaxy  is  performed  along  the  ( 1 11  ] 
directions. 

Our  studies  have  shown  that  Sb  can  be  grown  epitaxially  on  GaSbfl  1 1)  oriented  epilayers 
at  growth  temperatures  Ts  <  300°C.  Subsequent  nucleation  and  epitaxy  of  GaSb  on  Sb 
epilayers  is  performed  using  migration  enhatKed  epitaxy. 

We  will  present  details  of  the  growth  of  the  Sb/GaSb  multilayer  structures  and 
characterization  of  the  resulting  epilayers  and  multilayers.  Epitaxy  has  been  characterized 
by  in  situ  reflection  high  energy  electron  diffraction  and  x-ray  photoelection  spectroscopy, 
and  the  structural  properties  of  the  resultant  epilayers  and  multilayers  by  x-ray  diffraction 
and  Rutherford  back  scattering.  The  talk  will  also  present  results  of  the  optical  and 
electrical  characterization  of  the  multilayered  structures,  with  specific  regard  to  evaluation 
of  quantization  effects  in  the  semimetal  layers. 
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4.7 

Optical  Analysis  of  InAs  Heterostnjctures  Grown  by  Migration  Enhanced  Epitaxy 
M.lnoue  .  H.Furuse  ,  N.Nasu  .  M.Yano  and  Y.Iwai 


New  Material  Research  Center,  Osaka  Institute  of  Technology 
Asahi-ku  Ohmiya  ,  Osaka  S3S  ,  Japan 
Fax  #81-6-957-2133 


InAs  heterostructures  have  offered  promising  new  device  applications  due  both  to  the 
high  speed  electron  transport  and  to  the  unique  band  alignment  on  type  II  staggard  and 
broken-gap  systems  The  heterostructures,  InAs/GaSb  or  AlSb  are  also  very 
interesting  system  from  the  fundamental  point  of  view,  arising  from  the  combination  of 
no  common  anion  and  cation.  Since  the  different  types  of  interface  bonding  are  available  , 
fine  control  of  MBE  growth  of  the  heterointerface  is  very  important  to  make  well  defined 
quantum  well  structures.^* 

We  repon  here  the  optical  analysis  of  InAsAaaSb  and  InAs/Al(Ga)Sb  grown  by  MBE 
and  migration  enhanced  epitaxy  (MEE)  to  control  the  atomic  bonding  at  the  interface.The 
Raman  spectra  measured  on  the  different  types  of  heterointerface  have  shown  the 
beautiful  set  of  interface  phonons  as  well  as  zone-folded  LA  phonon  modes.  The 
characteristic  phonon  spectra  observed  from  the  atomically-controlled  structures  will  be 
discussed  in  conjunction  with  the  MEE  growth  operation. 

We  also  report  photoluminescence  (PL)  spectra  from  InAs  ultrathin  quantum  well 
structures  to  study  electronic  states  and  carrier  distributions  in  the  type  II  band 
allignment.  The  external  applied  electric  fields  have  induced  interesting  Stark  shift  of  PL 
spectra  showing  the  blue  shift  which  can  be  interpreted  from  the  modulation  of  electron 
and  hole  distributions  in  the  InAs  type  II  heterostructures. 

1)  K.  Yoh,T.Moriuchi  and  M.lnoue,IEEE  Electron  Device  Lett.  1 1  (1990)  526. 

2)  M.lnoue, R.Sakamoto,K.Yoh,T.Kohno  and  T.Kamiyosi,Proc.  lEEE/Cornell  Conf  on 
Advanced  Concepts  in  High  Speed  Semiconductor  Devices  and  Circuits  (1991)  403. 

3)  Y.Iwai, M.Yano,R.Hagiwara  and  M.Inoue,Surface  Science,in  Press. 
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5.1 

MESOSCOPIC  PHENOMENA  IN  DILUTED  MAGNETIC 
SEMICONDUCTORS 

Tomasz  Dietl 

Institute  of  Physics.  Polish  Academy  of  Sciences, 

Al.  LotnikSw  32/46.  PL-02  668  Warszawa.  Poland 

Mesoscopic  phenomena  in  microstructures  that  incorporate 
narrow-gap  diluted  magnetic  semiconductors  exhibit  a  number  of 
novel  aspects  which  originate  from  strong  spin-orbit  couplings  and 
impurity  spin  interactions. 

In  the  first  part  of  this  lecture  we  shall  discuss  the  influence  of 
the  spin  couplings  upon  symmetry  of  the  random-matrix  ensembles, 
and  the  corresponding  influence  upon  quantum  interference  effects 
such  as  quantum  localisation,  universal  conductance  fluctuations,  and 
low-frequency  noise. Particular  attention  will  be  paid  to  the  spin¬ 
generated  noise  in  spin-glasses,  which  may  constitute  a  valuable  tool 
to  probe  glassy  dynamics.^' 

In  the  second  part  of  the  lecture,  millikelvin  transport 
measurements  carried  out  for  microstructures  of  HgCdMnTe 
bicrystals^''^’  and  PbMnTe  epilayers'**  will  be  described.  In  those 
experiments  a  temperature  dependence  of  the  amplitude  of  the 
universal  conductance  fluctuations  and  of  the  mean  magneto- 
conductance  provided  interesting  information  on  the  dominant 
phase-  breaking  mechanisms  and  the  relevant  spin-orbit  couplings. 

1.  B.  L  Altshuler  and  B  I  Shklovskii.  Zh.  Eksp.  Tear.  Fi:  220  (1986);  A.  D. 

Slone,  Phys.  Rev.  B  .19,  107.16  (1989).  ai>d  rcferencc.s  therein 

2.  S  Feng.  A  J  Bray.  P  A.  Lee.  and  M  A.  Moore.  Phys.  Rev  B  36.  5624  (1987);  M. 
Cieplak.  B  R  Bulka.  and  T.  Dietl,  Phys.  Rev  6  44,  l2.)-)7  (1991),  and  references 
therein. 

3.  G.  Grabecki.  A.  Lenard.  W.  Plesiewic/,.  J.  Jarosiyhski.  M.  Cieplak.  T. 
Sko.fkiewicz.  T.  Dietl.  E  Kamiiiska.  A.  Pioirowska,  and  B  Butka.  Ana  Phys  Poliin. 
80.  .307  (1991) 

4.  G  Grabecki.  J.  Jaros/yfiski.  A  Lenard.  W.  Plesiewic/.  T  Skoskiewic/.  T.  Dietl. 
E.  Kaininska.  A  Pioirowska.  G.  Springhol/.  and  G.  Bauer,  unpublished. 
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5.2 


EXCHANGE  INTERACTION  IN  SEMIUAGNETIC  IV-VI 
MULTI  QUANTUM  WELL  STRUCTURES 

F.Geist*.  H.Pascher'.  N.Frank^,  G.Bauer^,  M.Kriechbaum^ 

^Phys.  Inst.  UniversitSt,  D-8580  Bayreuth,  Germany 
^Semicond.  Physics  Group,  Universitht,  A-4040  L'nz.  Austria 
Inst.  f.  Thcoret.  Physik,  UniversitSt,  A-8010  Gi  ,12,  Austria 


Diluted  magnetic  IV-VI  semiconductors  like  PLMnTe  or  Pi-MnSe  exhibit  a 
strong  dependence  of  the  effective  g-f actors  of  the  free  cai  riers  on  tempera¬ 
ture  and  magnetic  field.  This  modification  of  the  spin  splittings  with 
respect  to  the  diamagnetic  host  materials  is  caused  by  an  exchange  interac¬ 
tion  between  the  free  carriers  and  the  magnetic  moments  of  the  paramagnetic 
ions.  In  quantum  wells  (QW’s)  or  superlattices  (SL’s)  the  strength  of  the 
exchange  interaction  depends  on  the  probability  to  find  the  carriers  within 
the  diluted  magnetic  component.  Thus  an  analysis  of  the  observed  spin  split¬ 
tings  yields  information  on  the  types  of  SL’s  and  on  the  band  offsets. 

Detailed  informations  on  the  bandstructures  of  SL’s  and  MQW’s  of 
PbSe/PbMnSe,  the  tellurides  and  the  related  Eu-  compounds  are  achieved  for 
different  concentrations  of  the  magnetic  Ions  and  different  widths  of  the 
quantum  wells  by  photoluminescence,  interbandabsorption  and  by  coherent  anti 
Stokes  Raman  scattering  (CARS)  using  CO2  lasers.  Particularly  CARS  yields 
very  precise  data  on  the  spin  splittings  of  carriers  confined  in  the  quantum 
wells.  In  type  1’  MQW’s  the  interband  transitions  which  are  direct  in  real 
space  yield  complementary  informations. 

Data  are  analyzed  in  the  framework  of  an  envelope  function  formalism 
111  Including  the  effects  of  the  exchange  interaction  in  a  molecular  field 
approximation  for  applied  magnetic  fields  parallel  and  perpendicular  to  the 
layers,  respectively  using  position  dependent  material  parameters  [21.  Mainly 
the  band  edge  energies  are  varying  and  the  exchange  interaction  vanishes  in 
the  diamagnetic  layers.  Published  material  parameters  for  both  constituents 
are  used  131  and  not  fitted  to  the  experiments  reported  here. 

The  g'factors,  especially  as  a  function  of  temperature,  obtained  by 
CARS  at  high  magnetic  fields  where  the  magnetic  length  is  small  compared  to 
the  layer  width  are  decisive  for  the  distinction  between  type  I  and  I’  band 
alignment.  At  low  fields,  where  considerable  penetration  of  the  wavefunctions 
into  the  barriers  occurs,  a  precise  determination  of  the  band  offsets  is 
possible.  The  analysis  of  CARS  data  from  various  PbMnSe/PbS-  QW  structures 
yields  a  type  I’  alignment  with  electrons  confined  in  the  PbMnSe  layers  and 
holes  in  the  PbSe  layers. 


Ill  M.Kriechbaum.P.Kocevar.H.Pascher.G. Bauer.  IEEE  J.Quant.El. 24, 1727,(1988) 
I2I  H.Pascher.P.Rothlein.M.Kriechbaum.N.Frank.G. Bauer,  Superlattices  and 
Microstructures  8,  69,  (1990) 

131  G. Bauer, H.Pascher  in  Semimagnetic  Semiconductors  and  Diluted  Magnetic 
Semiconductors,  p.209.  ed.  M.Averous,  M.Balkanski,  Plenum  Press  (1991) 
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5.3 


Electron  sp«n  resonance  study  of  the  narrow-gap 
semiconductor  PbSnMnTe. 

T.  Story*,  P.J.T.  Eggenkamp,  C.IIAV.  Swiistc,  Il.J.M.  Swagleii,  and 
W.J.M.  de  Joiige. 

Department  of  Physics,  Eindhoven  Univef^ity  of  Technology  (E.fl.T.), 

P.O.  Box  513,  NL-5600  MB  Einrihoven. 

It  has  been  shown  that  in  the  narrowf  gap  semiconductor  Pbi_„Sn^Te,  in  which  a  small 
amount  of  Mn  is  dissolved,  the  magnetic  properties  strongly  depend  on  the  concentra 
tion  of  holes  (l|.  It  was  found  that  a  c.itical  carrier  concentration  Pc  —  3  x  I0’“  ern"^ 
exists,  above  which  a  low  temperature  ferromagnetic  phase  was  observed.  Below  this 
carrier  concentration  no  magnetic  ordering  was  found  for  temperatures  higher  than 
IK.  This  phenomenon  has  been  explained  in  terms  of  the  band  structure  of  the  host 
material,  in  combination  with  the  RKKY  i.iteraction,  which  is  dominant  in  these  corn 
pounds  (2). 

We  have  studied  the  same  regime  of  carrier  concentrations  with  electron  spin  ri  .so- 
nance.  Our  samples  had  compositions  of  0.005  <  J  <  0.06,  0.12  <  y  <  0.72  and 
carrier  concentrations  ranging  from  p  =  1.6  >  10’*  to  1.4  x  10^'  cm"’.  Electron  spin 
resonance  lines  were  observed  in  the  temperature  range  7'  =  1.3  -  lOOK.  It  was  found 
that  for  samples  with  a  carrier  concentration  higher  than  pe  the  width  of  the  I',SR 
line  increases  fast  with  increasing  temperature  (7’  >  0,  the  Curie-Weiss  temperature 
obtained  from  susceptibility  measurements),  while  the  resonatice  field  does  not  change 
within  the  experimental  accuracy.  If  n  <  p,  neither  the  linewidlh  nor  the  position 
of  the  line  changed  with  temperature  at  temperatures  higher  than  the  (’urie- Weiss 
temperature.  At  low  temperatures,  the  lines  become  wider  in  both  cases.  However, 
for  p  <  Pc  the  resonance  field  shifts  down  at  low  temperatures,  wh'le  for  p  >  pc  an 
anisotropic  behaviour  is  found. 

We  will  interpret  these  results  in  terms  of  the  model  mentioned  above  in  combination 
with  the  Korringa  relaxation  process  (7'  >  0),  and  the  exchange  narrowing  process 
(T  <  0).  1  he  results  will  be  compared  with  other  existing  data  for  various  Mn  and 
carrier  concentrations.  I  he  role  of  the  electron  bottleneck  will  be  discussed. 

*  iinw  at  Institute  of  Physics,  Polish  Academy  of  Sciences,  Al  Eotnikow  32/46, 
"L  02-668  Warsaw. 

[1]  T.  Story,  R.R.  Dala/ka,  R.If.  Kraiikel,  and  P.A.  WolIT,  Phys.  Rev.  Lett.  56,  777  (1986). 

[2]  Il.J.M.  Swagtcii,  W.J.M.  de  Jonge,  H.R.  (lai^zka,  P.  Warinenbol,  and  J.T.  Devreese, 
Phys.  Rev  II  37,  9907  (1988). 
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5.4 


Carrier-induced  magnetic  properties  in  small-gap 
semiconductors. 

P.J.T.  Kggenkamp*,  T.  Slory^,  U.J.M.  Swaglcn*.  ('.W.llM.  Vennix', 

M  M.II.  VVillekens*,  and  W.J.M.  dr  Jongr*. 

•  l)rparUiio!il  of  Physics,  KirHihoven  University  of  Technology  (K.U  .1.),  PO.  Box  513, 

NL-5600  MB  Eindhoven. 

^  Institute  of  Pliysics,  Polish  Academy  of  Sciences,  Al.  holnikuw  32/46,  PL-02  668 

Warsaw. 

^  Netlierlands  Energy  Kesearch  Foundation  ECN,  PO.  box  1.  NL-1755  ZG  Petten. 

in  IV- Vd  grou[)  narrow-gap  senuconductors  randomly  diluted  with  Mtt,  the  magnetic 
properties  are  closely  related  to  the  number  of  (p-lype)  cariieis.  It  has  been  shown 
(l)  that  an  increase  of  the  carrier  concentration  beyond  3  x  10^0  cm“®  transforms 
(PblSnMn  le  from  a  pararnagaet  to  a  ferromaguet  at  fulinm  Icinperalures,  the  so- 
called  carrier  induced  ferrornagtietism.  This  phenomenon  (ould  be  explained  by  an 
IfKK^'  polarisation  of  carriers,  provided  that  bolli  L  and  valente  bands  are  taken 
into  account  (2j.  Very  recently,  wc  itave  shown  (3)  that  in  SnosTMnooaTe  the  ferro¬ 
magnetic  state  collapses  for  p  rougly  larger  than  10**  cnr^.  in  favour  of  a  spin  glass 
like  state.  It  was  pointed  out  that  the  (p  dependent)  oscillatory  nature  of  the  RKKY 
inH'raclion  sliould  be  responsible  for  this. 

We  will  present  new  experimental  facts  on  the  latter  pheiioiiieiion  by  means  of  ac  sus¬ 
ceptibility,  magnetisation  and  specific  heat,  for  temperatures  beiw<*en  100  mK  and  50 
K  and  various  magnetic  fields.  The  character  of  the  spin  glares  Iik<*  state  will  be  anal¬ 
ysed  and  compared  with  canonical  spin  glasses,  such  as  C'u(Mii),  with  special  emphasis 
on  the  dynamics'  of  the  spin  system,  which  is  reflected  by  lli<*  fieipiem  y  dependence  of 
the  ac  susceptibility. 

Furthermore,  we  will  try  to  explore  the  rather  complicated  x.p.  T  luagnelic  phase  dia¬ 
gram  in  some  detail.  It  will  be  pointed  out  that  some  s(‘Clions  (d  the  diagram  will  yield 
an  additional  magnetic  phase,  which  might  be  associated  willj  a  so-called  re  entrant 
spin  glass.  A  calculation  will  he  presented  based  on  the  Moan  Random  Field  model, 
which,  in  analogy  willi  the  model  of  Sherrington  and  Kirkpatrick,  provides  a  conve¬ 
nient  tool  to  predict  the  transition  between  the  ferroinagnetit  and  spin  glass  stale.  The 
agreement  l)elweeii  the  calculations  and  the  experimental  data  existing  so  far  is  satis¬ 
factory.  1’his  subscribes  that  the  KKKV  mechanism  is  ilominaling  the  carrier-induced 
transitions  in  the  narrow-gap  Sn(Mn)Te. 


|J)  T.  Story,  U  K.  Gal^zka,  H.H.  Frankel.aiid  P.A.  WoIlT.  Fliys.  Uev.  Lett.  56,  777  (1986). 

[2}  H.J.M.  Swagtni,  W.J.M.  tie  Jonge,  R.R.  Gal^/ka,  P.  Warnieiiho!,  and  J.T.  Uevreose, 
Phys.  Ucv.  B  37.  9907  (19H8). 

(3)  W.J.M.  (le  Joiigf,  r.  Slory,  H.J.M.  Swagteii,  and  P  J.  !'.  Eggoukaiup,  Europhys.  Lett. 
17.  6.31  (  1992). 
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5.5 

Free  carriers  magnetoabsorpiion  in  HgZnTe-CdTe 
and  HgTe-CdTe  superlatiices. 


I 


J. Manassas,  Y.Guldner.  J.P.Vieren 

Laboratoire  de  Physique  de  la  Matiire  Condens^e  de  I’Ecole  Normale  Superieure, 
24,  rue  Lhomond,  75231  Paris  cedex  05,  France. 

J.P.Faurie 

University  of  Illinois,  Chicago,  Illinois  60680,  USA. 


We  report  transport  and  far  infrared  magnetooptical  properties  of  n-type 
Hgi-xZnxTe-CdTe  (x  <  0.1)  and  HgTe-CdTe  superlattices.  These  n..  ro^fuclures, 
grown  by  molecular  beam  epitaxy,  usually  present  very  high  electron  mobilities. 

Hall  and  conductivity  data  obtained  over  a  broad  temperature  range  {1.5  -  3(X)K) 
show  that  these  superlattices  are  semimeiallic  or  narrow-band-gap  semiconductors  at  low 
temperature,  while  they  are  degenerate  intrinsic  semiconductors  for  T  >  lOOK.  This 
constitutes  a  new  interesting  situation  in  semiconductor-superlatlice  physics,  clearly 
different  from  that  previously  reported  in  p-type  HgTe-CdTe  superlattices  where  the 
bands  were  not  degenerate  in  the  intrinsic  regime.  The  analysis  of  the  data  gives  the 
Fermi  energy  and  the  band-gap  as  a  function  of  temperature,  in  excellent  agreement  with 
the  calculated  band  structure  using  a  muliiband  envelope  function  formalism  and  a 
valence  band  offset  of  36()meV. 

Far  infrared  magnetoiransmission  experiments  are  reported  in  the  temperature 
range  1.5  -  300K  with  the  magnetic  field  B  applied  both  parallel  and  perpendicular  to  the 
superlatiice  growth  axis.  We  show  that  the  semimeiallic  nature  of  the  heterostructures  is 
characterized  by  a  strong  anisotropy  of  the  cyclotron  mass.  For  B  parallel  to  the  growth 
axis,  the  observed  magneto-opucal  transitions  are  in  very  satisfactory  agreement  with  the 
calculated  Landau  levels  and  the  Fermi  energy  it  the  whole  temperature  range.  For  B 
perpendicular  to  the  growth  axis,  a  significant  drop  is  observed  for  several  samples  in  the 
curve  giving  the  cyclotron  mass  as  a  function  of  the  temperature.  This  drop  is  associated 
with  the  important  variation  of  the  conduction-band  anisotropy  occuring  when  a 
superlatiice  undergoes  a  semimetal-semiconductor  transition.  The  variation  of  the 
cyclotron  mass  and  the  temperature  of  the  semimeial-semiconductor  transition  are  found 
to  be  in  reasonable  agreement  with  the  band  structure  calculations.  Finally,  the  plasma 
frequency  and  the  influence  of  the  magnetoplasma  effects  are  discussed. 


37 


I 


6.1 

DOPING  STUDIES  IN  MOVPE  OFXd.Hit.  .It 


C.D.Maxey,  I. Gale,  J.B. Clegg  and  P.A.C.Whiffin 
Philips  Research  Laboratories,  Redhill,  Surrey,  U.K. 


ABSTRACT 

In  two  recent  review  papers  on  MOVPE  growth  of  cadmium  mercury  telluride  (CMT) 
particular  emphasis  was  made  to  the  crucial  importance  of  doping  studies  to  the  realization 
of  future  device  structures.  If  the  full  potential  of  MOVPE  growth  of  CMT  is  to  be  realised 
then  full  extrinsic  doping  of  heterostructures  is  required.  If  the  doping  and  composition 
Junctions  can  be  grown  with  the  correct  degree  of  grading  then  this  will  create  the  potential 
for  the  production  of  device  structures  leading  to  either  improved  performance  and/or 
increased  operating  temperatures.  This  paper  will  review  published  doping  studies  and  also 
present  some  recent  results  on  both  acceptor  and  donor  doping  studies  carried  out  at  the 
author’s  laboratory.  In  these  studies  IMP  growth  of  CMT  has  been  performed  at  -SWC 
using  di-methyl  cadmium  (DMC)  and  di-iso  propyl  tellurium  (DIPT)  as  the  MO-precursors 
while  the  Hg  overpressure  was  provided  by  a  heated  elemental  source.  Alternative  acceptor 
doping  sources  to  arsine  have  been  investigated  including  phosphine,  tri-phenyl  arsenic  and 
phenyl  arsenic  of  which  the  latter  appears  to  be  most  suitable.  Iodine  has  continued  to  show 
the  donor  dopant  potential  in  CMT  it  exhibited  with  higher  temperature  ( »4(X)°C)  MOVPE 
growth  using  di-ethyl  tellurium.  Characterization  of  fully  doped  structures  will  be  described. 
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6.2 

CdTe/CdHgTe  INTERDIFFUSED  QUANTUM  WELLS 


A.  LUSSON,  R.  DRUILHE,  Y.  MARFAINS  and  E.  RZEPKA 

Laboratoire  de  Physique  des  Solides  de  Bellevue 
CNRS,  1  Place  A.  Briand  F-92195  Meudon  Cedex,  France 


The  Cd,Hg,.,Te  solid  solution  is  characterized  by  large 
interdiffusion  coefficients  of  cadmium  and  mercury.  This  property 
is  at  the  basis  of  the  preparation  of  homogeneous  alloys  by 
interdiffusion  of  MOCVD-grown  CdTe  and  HgTe  elemental  layers  (IMP 
process) .  We  have  extended  this  method  to  the  preparation  of 
CdHgTe  quantum  wells  confined  between  CdTe  barriers. 

The  principle  of  the  technique  is  to  grow  a 
CdTe/HgTe/CdTe  structure  and  to  control  the  interdiffusion 
process  occuring  during  the  growth  and  post-growth  periods  in 
order  to  get  a  narrow  CdHgTe  region  at  the  centre  of  the 
structure.  The  result  is  a  graded  potential  well.  The  profile  of 
the  well  depends  on  the  thickness  of  the  HgTe  initial  layer  and 
on  the  thermal  cycle.  The  exact  shape  of  this  profile  has  been 
modelled  for  different  growth  parameters  using  a  numerical 
simulation  of  the  interdiffusion  which  takes  into  account  the 
Composition  dependence  of  the  interdiffusion  coefficient. 

CdTe/CdHgTe  interdif fused  structures  were  grown  by 
MOCVD  at  365'C  using  di isopropyltellurium,  dimethylcadmium  and 
metallic  mercury  as  the  material  sources.  Photoluminescence 
experiments  were  used  to  determine  the  alloy  composition  near  the 
bottom  of  the  well,  which  is  compared  with  the  predictions  of  the 
theoretical  model.  The  energy  gaps  of  the  different  wells 
prepared  by  interdiffusion  are  in  the  range  of  1  to  1.6  eV. 
The  confinement  energy  is  weak  in  those  structures  grown  at  365'C 
due  to  composition  spreading.  A  larger  confinement  energy  is 
expected  for  structures  prepared  at  lower  temperatures. 
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6.3 


THK  MOVPK  CiROWTH  AND  CHARACTERISATION  OF  Hgj.uMn^Tt. 


M.Funaki, 

Depl. 


J.E. Lewis*,  T.D.Hallam,  Li  Chaoroag,  S.K.Halder,  K.Durosc,  A.W.Brinkoiaa, 
B.K.IkDBcr. 

ol  Physics,  University  ot  Durham,  South  Rd.,  Durham,  DHl  3LE,  U.K. 


The  replacement  of  some  fraction  of  the  cations  in  HgTe  by  the  paramagnetic  ion,  Mn,  results  in 
the  dilute  magnetic  semiconductor,  Hg]  ,  Mn,Te  (MMT).  In  contrast  to  its  Cd  counterpart,  a 
band  inversion  (x;curs  in  MMT  at  x  ~  0.07  giving  this  material  both  semiconducting  and 
semimetallic  properties  and  is  therefore  a  promising  material  for  infrared  applications. 

following  our  earlier  demonstration  of  the  direct  alloy  growth  (DAG)  of  MMT  by  MOVPE,  this 
paper  presents  a  detailed  study  of  the  influence  of  growth  conditions  and  substrate  type  on  the 
quality  of  MMT  epilayers.  Growth  was  carried  out  in  the  range  350-410°C  using  the  precursors 
DlPTe,  tricarbonyUmeihycyclopentadienyDmanganese  (TCMn),  and  elemental  Hg,  on  a  range 
of  substrates  including  GaAs  (001),  (CdZn)Te  (lll)B,  (211)B  and  (001),  usually  on  a  1  pm 
f'dTc  buffer. 

Mn  concentration  was  measured  by  calibrated  EDAX,  DCXRD,  and  the  position  of  the  optical 
reflectance  peaks  in  the  visible.  It  has  been  possible  to  follow  the  evolution  of  the  optical 
transition  A4,5»-A(„;  (the  E,  peak)  with  increasing  Mn  concentration  (0<x<0.5),  even  though  it 
broadens  considerably  for  the  higher  concentrations.  Mn  concentration  was  found  to  be 
strongly  affected  by  the  growth  temperature  via  the  pyrolysis  rate  of  TCMn  and  the  Hg  vapour 
pressure  over  the  growing  layer.  Mn  concentration  increased  with  susceptor  temperature  until  at 
410  °C  vinually  no  Hg  was  detected. 

Crystallinity  of  the  layers  was  checked  by  RHEED  and  DCXRD  and  growth  was  epitaxial  for  T 
<  .fbO  °C  but  polycrystalline  at  the  higher  temperatures.  The  morphology  and  crystallinity  of 
layers  grown  at  .380  °C  on  different  substrates  was  compared.  MMT  on  GaAs  (100)  shows  a 
mildly  faceted  background  with  large  rectangular  hillocks  superposed.  Layers  grown  on 
tCdZn)Te  (IIK))  were  very  similar  to  MCT  layers,  and  those  on  CZT  (21 1)B  showed  strong 
faceting  Ihose  grown  on  CZT  (1 1 1)B  have  completely  smooth  surfaces. 

I'he  results  of  DCXRD  investigations  of  the  structural  properties  of  the  layers  will  be  presented, 
together  with  optical  absorption  studies  of  the  layers  in  the  near  infrared  and  measurei.  -nis 
I  Hall  constant  and  electrical  conductivity)  made  in  the  temperature  range  4  -4(X)  K. 

*  Permanent  address:  Dept.  Physics,  SUNY,  Plattsburgh,  NY  12901,  USA. 
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6.4 


Properties  of  llgCdTe  layers  grown  by  isothermal  vapor  phase  epitaxy 

at  high  pressures 

P,  Mitra,  T.  R.  Schimert,  F.  C.  Case  and  L.  T.  Claiborne 
LTV  Aerospace  and  Defense  Co. ,  Missiles  Division,  Research  Department,  P.  O.  Box 
650003,  Dallas,  TX  75265-0003 

H.  L.  Wilson 

CECOM  Center  for  Night  Vision  &  Electro-optics,  Fort  Belvoir,  VA  22060-5677 


Isothermal  vapor  phase  epitaxy  of  Hgi.jfCd^Te  (MCT)  has  been  known  for  over  two 
decades  to  yield  high  quality  epitaxial  films  with  extremely  smooth  surfaces.  One 
disadvantage,  however,  has  b^n  the  graded  alloy  composition  of  the  films  which  limit 
their  applicability  in  many  IR  detector  device  structures.  The  graded  composition  is 
especially  severe  when  the  grown  MCT  layers  are  thin  i.e.  10  microns  or  less.  In  this 
paper  we  report  a  modified  approach  for  the  growth  and  anneal  of  MCT  done  under 
high  pressure  of  hydrogen.  This  process  performed  in  an  internally  heated  pressure 
vessel  is  straightforward  to  implement,  relatively  inexpensive  and  has  the  potential  to 
be  a  manufacturable  method.  Furthermore,  by  controlling  the  hydrogen  pressure  in  the 
700  -  1200  psi  range  during  an  anneal  at  350  -  500C  the  gradient  in  the  MCT  alloy 
composition  can  be  controlled  and  reduced.  Using  this  approach  we  have  grown  MCT 
layers  on  (1 1  l)B  CdTe  and  CdZnTe  for  LWIR  applications  with  uniformity  in 
thickness  within  1.5%  (largest  difference  from  the  mean  thickness)  over  6  cm2  jj-ea. 
Compositional  uniformity  measured  in  terms  of  cutoff  wavelengths  by  FTIR  are  within 
0. 1  micron  measured  for  7.3  micron  cutoff  at  300K  over  the  same  area.  For  undoped 
n-type  LWIR  layers  mobilities  in  the  range  of  7-10x10^  cm2/voU.sec  and  carrier 
concentrations  of  5-IOxlO*^  cm'3  at  80K  have  been  obtained.  Minority  carrier 
lifetimes  on  these  layers  have  been  found  to  be  as  high  as  1000  nsec  at  80K  and  1500 
nsec  at  150K  and  exhibit  characteristic  Shockley-Read  recombination  behavior  for 
MCT  layers  with  low  dislocation  densities.  Long  wavelength  photoconductive 
detectors  fabricated  on  these  layers  have  yielded  detectivity  value  D*  of  1.3x10*® 
cmHzi^^W"*  measured  at  a  wavelength  of  10  micron  at  80K.  These  properties 
demonstrate  the  suitability  of  the  high  pressure  isothermal  vapor  phase  epitaxy  process 
for  the  growth  of  MCT  layers  for  LWIR  focal  plane  arrays. 
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6.5 

Techniques  for  Improving  the  Properties  of  Liquid  Phase  Epitaxial 
(CdHg)Te  for  IR  Photodiodes 

M  G  Astles,  N  Shaw  and  G  Biackmore 
ORA  Electronics  Division,  RSRE  Malvern,  St  Andrews  Road, 
Malvern,  Worcs  WRI4  3PS,  UK 


Abstract 


Liquid-phase  epitaxy  (LPE)  is  currently  the  most  widely-used  thin-film  growth  technique 
for  (CdHg)Te  for  the  current  generation  of  IR  photodiode  arrays.  Such  devices  place 
high  demands  on  the  control  of  alloy  composition  and  electrical  properties  of  the 
epitaxial  layers.  This  paper  will  describe  the  developments  in  LPE  technology  at  RSRE 
which  have  produced  dramatic  improvements  in  key  material  parameters.  The  following 
areas  will  be  highlighted: 

(i)  reductions  in  background  impurities  following  a  systematic  study  of  the  sources 
of  impurities  in  the  LPE  layers,  leading  to  improved  techniques  for  solution  charge 
preparation,  LPE  boat  purification  and  epitaxial  layer  annealing.  Typical  n-t^e 
background  electrical  properties  after  Hg-rich  isothermal  annealing  are  n-j-j  -  6xlo”  - 
IxIO^^'cm'^,  P77  =  2.2-2.4xl0^cm^v  's  r 

(ii)  The  use  of  donor  and  acceptor  impurity  doping  to  provide  n-  and  p-type  carrier 
concentration  control  in  the  range  lO*'*  to  lo’°cm'^.  Particular  emphasis  will  be  placed 
on  the  problems  of  obtaining  controllable  acceptor  doping  in  Te-rich  LPE. 

(iii)  the  design  of  a  novel  graphite  sliding  boat  system  which  provides  Hg  overpressure 
control  using  powdered  HgTe  within  the  graphite  slider  and  which  gives  extremely 
reproducible  composition  (AxtO.002,  AL  tO.lSpm)  and  thickness  (At  1 1.5pm  at  t-20pm). 

The  potential  of  this  technology  for  the  growth  of  fully  doped  LPE  structures  will  also 
be  discussed  and  the  various  materials  assessment  techniques  used  (Hall  effect, 
annealing,  SIMS,  IR  transmission)  will  be  fully  described. 
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6.6 


Optimized  Molecular  Beam  Epitaxially 
Growth  of  (100)  HgCdTe  on  CdZnTe 

L.  He!  C.R.  U<'<  k<'r.  R.N.  BickiK'lI-Tassins.  S.  Scholl  ami  Cl.  Landwclir 
Physikiilischcs  Iiisfittit  dcr  Ihiivcrsitat  Wdr/hiirf;; 

D-8700  \Viir/.l)iir>f,  F<'dcral  Republic  of  Gcrniany 

Molecular  Ihaiu  Kpitaxially  (MBK)  growl  li  of  ImMIi  high  <|iialily  iniriiisir  aiul  ext  rinsii  ally 
(loped  narrow  gaj)  llgi  .,('<1,  le  witli  an  x  of  O  JO  0.22  an*  iiMporlanl  i?.Mies  in  long  wavelength 
(h'te(tor  engin<'<Ting  (  hey  ar<‘  <  losely  roirelafed  and  arc*  vc*ry  <  oniplteat<’<l  for  narrow  gap 
x(Mui<  otnhn  tors  in  partinilar.  I^xt^in^i<  doping  t('<  htii()U(*s  and  an  nndet>tanding  ol  the  doping 
int*<  hanisin  invdlvc*d  can  lx*  (‘stahlislu'd  onlv  after  the*  growth  paraim*ters  for  intrinsic  ntateniat 
with  high  slrnc  Inral  cpiality  and  gotnl  ehx  trical  pr«»p<‘rtic‘s  have*  hec'H  dc  tennincMl.  In  this  pape  r, 
we  pn'scMit  ri'snlls  of  a  m  stcMiial  i<  invest igal ion  of  MBK  gremth  <  <»ndil  ions.  e  g.  t  he*  etfc*<  ts  of  llg 
Ihix  on  psraniidal  hilhx  k  deiisiiv  for  the-  (100)  oric’iitation  and  on  eh‘ctri(al  ptopei t ic‘s.  With 
an  nndcTslanding  (»f  the  ne<<*ssaiv  growtii  .diiclilions  |di  intritisic  inalcTial.  wc*  have*  hc'en  able 
to  achieve  p  tvpe  As  doping  nsing  an  alcnnic  slic*el  doping  l«*chnic|n<‘  for  the  lirsi  time*. 

\  sc  ries  of  sani(d(*s  with  x  vahns  hetwcsMi  0  202  and  0  210  wcnc*  grown  at  ISO  (’  with  llg/  Ic* 
flux  ratios  from  ISO  t<»  o’)0.  As  do[niig  was  ac  liic'vcci  hy  int<*rrnpt ing  tin*  IlgCd  lc’  growtfi. 
estaiilishing  a  <atic»n  •stal»ili/c*d  surface*  ccniclitioii  with  a  Cel  sonree*.  de  positing  a  frac  tion  of  an 
\s  monolayer,  and  tlie  ii  resuming  the*  llgf  ’el  Ic*  growth. 

t'vramielai  hillcM  ks  wc're  gein’ratesl  during  the*  (irsl  stage*  of  the*  epitaxy  growth  whose*  (lensity 
has  a  minimnn  a(  a  fig/  le*  finx  ratio  of  ahoiit  2S0.  .Ml  samples  are  n  type*  Kle*e  (ron  mohilily  is 
\e  rv  s<  nsitiv<‘  to  the  llg/  le*  llnx  ratio,  re  ae  hmg  a  iiiaxiiinim  value*  at  a  llg/  le*  ratic»  Ke  twee-n  270 
and  220.  I  his  de*pe*ndene  c*  e oi Telaf  e*s  we’ll  wit  h  hilloe  k  ohserval  ions.  The  I’lec  t  rcMi  e  erne  e’lit  rat  ions 
at  both  highcT  and  lovve'i  llg/  !<'  llnx  ratios  we*re'  very  high  and  the  e’lfeTls  of  le*  anlisitc’s  and 
llg  intersl if iais  ueTe*  eleafU  ol».se*rve*d  f*»r  these*  Iwe*  tust's.  I  he*  !>e*st  jesnit  was  olitainc'd  witli 
a  Mg/ le*  ratio  of  2S0  where  the  ♦•le»ctrcni  ce>iiee*uliatlc»n  was  2.0*  10**eiir’  and  the*  mobility 
_VS  •  lO’cm^/N  s  ill  l,(i  Is  for  x-0.21.  Mighty  e|c>pe*e|  p  type  MgCeflc*  was  ohtaine’d  using  an 
atomic  slies’t  doping  tes  hnicpic*.  I  hi*  eloping  she»e*l  density  was  0.7  *  lO'^c  iiP  or  in  otlier  words 
V  '  of  the  le  sites  weie  occ  npic’d  l»y  As.  I  his  re’snll  is  ve*ry  enecniraging  not  only  because* 
It  fntihei  (didorms  tfie  electrical  cpiality  of  oiir  nondc»(M*el  n  type*  mate*rials.  but  also  l>e*c  ansc* 
il  picivtdc’s  a  nc'w  alternative*  mc*thoc|  to  lM»th  iiiich’istand  the*  doping  mc*c  haiiism  and  ac  hieve* 
p  I  \  pc  dopc-d  materials. 

*  l’'Tin.'\Ti»  :i(  A'Mrrss  hisiiicio  of  hThtcit  al  I’tivsns.  <  Imif’si-  Arade  tny  c*f  Sn«  circs.  ShiuiKliai  I’c  oplf  's  Me 
(■mI'Ik  'f  (  hiiia 
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7.1 

InAi  Monolayers  ana  Quantum  Dots  in  a  Crystalline  GaAs  Matrix 

Klaus  H.  Ploog*  and  Oliver  Brandt 

Hax-P lanck- Insti tut  fur  Festkorperforschung 
W-7CI00  Stuttgart  80,  Germany 

We  have  developed  a  new  approach  to  fabricate  coherent  InAs  insertions  in 
a  crystalline  GaAs  matrix  by  conventional  elemental-source  molecular  beam 
epitaxy  iMBEJ.  The  7  X  lattice  mismatch  between  InAs  and  GaAs  requires 
specific  strategies  to  individually  control  the  InAs/GaAs  and  GaAs/lnAs 
interface  formation  which  is  governed  by  a  unique  balance  of  surface  and 
interface  energy  as  well  as  kinetic  processes.  The  key  parameters  during 
growth  are  a  sequence  of  growth  interruptions  and  of  modulations  of  the 
substrate  temperature  during  interface  buildup.  In  particular  the  tempera¬ 
ture  modulation  results  in  a  complete  flash-off  of  the  In  floating  layer 
created  by  surface  segregation  of  the  deposited  InAs,  prior  to  GaAs  over¬ 
growth.  The  interfaces  of  the  strained  InAs  insertions  are  then  in  registry 
with  the  surrounding  GaAs  matrix  and  hence  free  of  defects,  as  determined 
by  high-resolution  x-ray  diffraction  and  transmission  electron  microscopy. 

This  high  level  of  growth  control  allows  us  to  fabricate  a  novel  class  of 
artificial  materials  by  using  either  exactly  (001)  oriented  substrates  or 
vicinal  (001)  substrates  tilted  towards  [100].  The  controlled  incorporation 
of  fractions  of  InAs  monolayers  into  the  GaAs  matrix  offers  the  exciting 
possibility  to  manipulate  the  translational  motion  of  exciions  in  the  crystal 
on  an  atomic  scale.  We  are  thus  able  to  tune  the  dimensional ity  of  the  center- 
of-mass  motion  of  excitons  and  hence  the  optical  response.  Moreover,  we  are 
able  to  obtain  isolated  InAs  quantum  dots  in  a  crystalline  GaAs  matrix  on 
vicinal  (001)  GaAs  substrates.  The  quantum  dots  are  in  average  2b  8  apart, 
equal  to  the  terrace  distance  which  is  determined  by  the  substrate  mis- 
onentation.  The  absence  of  any  surface  and  interface  states  makes  this 
system  promising  to  study  the  optical  response  of  ullrasmall  zero-dimensional 
systems . 


*  present  address;  Department  of  Materials  bcience.  Technical  University, 
W-6100  Darmstadt,  Germany 
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7.2 


lilt.  Conf.  on  Narrow  flap  Soiiiironductors,  Southampton,  1992 

Optical  properties  of  InAs  quantum  wells 
emitting  between  0.9  /im  and  2.5  ftm 

E.  Toiirnie’,'  O.  Brandt,^  and  K.  Ploog' 

Max-Plaiick-lnstitut  Air  FestkSrperforschiing,  D-7000  Stuttgart  80  (F.R.C.) 

•Phone:  x*49  /  (0)711-6860246;  Fax:  (0)711-6874371 

In.4s  quantum  wells  (QWs)  embedded  in  an  Ali(Ia« <i(_,lno  jjAs  matrix  have  a  signi¬ 
ficant  potential  for  optoelectronic  devices  working  in  tlie  near-  as  well  as  in  the  mid-IR. 
However,  there  is  still  a  lack  of  information  concerning  their  optical  properties.  In  this 
work  we  show  that  the  operating  wavelength  of  such  QWs  ran  be  tuned  over  the  whole 
range  between  0.9  pm  and  2.h  pm  by  adjusting  the  thickness  of  the  well  and/or  the  barrier 
composition. 

InAs  single-  and  mnlliple  QWs  confineil  by  an  AI,(!a«48.j.lnos2As  barrier  are  grown 
on  InP  substrates  by  solid-source  MBE.  The  growth  conditions  are  adjusted  so  as  to  avoid 
islanding  of  the  highly  strained  (3.2  %)  InAs  film  for  any  thickness  investigated.  As  a 
result  we  obtain  QWs  of  superior  optical  quality  as  demonstrated  by  photoluminescenre 
(PL)  experiments  between  6  K  and  300  K. 

InAs/ Alo  rsbio  siAs  SQWs  with  thickness  between  -1  and  16  monolayers  (ML)  yield  PL 
in  the  0.9  to  1.8  pm  range.  The  S()Ws  up  to  7  ML  thick  emit  up  to  room  temperature. 
The  high  temperature  PL  efficiency  is  drastically  increased  by  using  multiple  QWs.  In 
this  ra.se,  non-radiative  recombination  renters  are  activated  at  temperatures  higher  than 
90  K,  with  an  activation  energy  as  high  as  100  ineV.  InAs/dao.rlnossAs  .SQWs  with 
thickness  between  4  and  2.')  ML  emit  between  1.7  and  2.5  pm  and  give  PL  up  to  room 
temperature  for  any  thickness.  For  all  the  samples,  the  PL  linewidlhs  are  the  best  ob¬ 
tained  so  far  for  this  material  system.  Monxiver,  the  low-temperature  PL  line  arising 
from  the  InAs  QW  is  much  more  intense  than  the  line  due  to  the  barrier,  indicating  a 
very  effirieni  carrier-rapture  by  the.se  QWs.  Finally,  the  variation  of  the  integrated  PL 
efficiency  with  the  excitation  power  reveals  that  the  low- temperature  emission  is  due  to 
exci tonic  recombinations. 

Our  results  demonstrate  the  high  potential  of  InAs  QWs  for  application  in  optoelec¬ 
tronic  devices. 


'  Present  address:  Fartiliereirh  Malerialwi.s.sen.srhart,  Terhnisrlie  Hoch.scitnip  Darmstadt,  l)-6100  Dann- 
stailt  (F  R  t;  ) 

^Present  address:  Mitsidiishi  Central  Research  Laboratory.  Aniagasaki,  Ilyogo66I.  Japan 
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7.3 


Magoeio-Oplical  Properties  of 
Quantum  Dots  in  inSb 

M  Kubisa  and  W.  Zawadzki 
Institute  of  Physics,  Polish  Academy  of  Sciences 
Warsaw,  Poland  02-668 

Magneto-optical  properties  of  quantum  dots  in  semiconductors  have  been  considered 
theoretically  using  the  model  of  a  spherical  infinite  well.  In  contrast  to  the  previous 
treatment* ,  we  have  taken  into  account  the  real  band  structure  of  InSb-type  materials 
(narrow  energy  gap  and  the  spin-orbit  interaction)^.  The  theory  is  formulated  in 
terms  of  one  parameter  17  -  R»/2L*,  where  L  -  is  the  magnetic  radius  and  R 

is  the  dot  radius.  The  eigenenergies  of  the  system  and  the  resulting  energies  of  the 
allowed  magneto-optical  transitions  have  been  computed.  For  ti  <  5  (moderate 
magnetic  fields)  analytical  expansions  for  the  energies  have  been  found,  using  the 
method  of  Dean^. 

Employing  the  established  band  parameters  for  InSb  and  the  value  of  R  ■  SSnm,  we 
have  been  able  to  describe  very  well  the  experimental  magneto-optical  transitions  (00) 
-•  (Ol)  and  (00)  -•  (01),  observed  by  Sikorski  and  Merkt'*  in  the  quantum  dots  in 
InSb  in  the  field  range  0  <  B  <  4T.  The  only  adjustable  value  of  R,is  fixed  by  the 
experimental  cyclotron  energy  at  B  =  0.1  T,  so  that  the  correct  description  of  the  dau 
as  functions  of  magnetic  field  testifies  to  the  validity  of  the  theory. 

1.  F.  Geerinkx,  F.  M.  Peelers,  and  J.  T.  Devreese.  J.  Appl.  Phys.  M,  3436  (1990). 

2.  W  Zawadzki.  J.  Phys.  Ci6,  229(1983). 

3.  P.  Dean,  Proc.  Camb.  Phil.  Soc.  M,  277  (1966). 

4.  Ch.  Sikorski  and  V.  Merkt,  Phys.  Rev.  Lett.  62,  2164  (1989). 
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7.4 


Subbands  in  Inversion  Layers  on  NGS  for  Egap  — ‘  0 

B.  FVeytag*,  U.  Rossler*,  O.  Pankratov'’ 

a. )  Inst.  Theoret.  Physik,  llniversilat  Regensburg,  D-8400  Regensburg 

b. )  Fritz-Haber  bistitut,  D  IOOO  Berlin 

Subband  slates  in  n-inversion  layers  on  narrow-gap  senuconduclors  are  known  to  be 
resonant  slates  due  to  the  Zener  coupling  to  the  continuum  of  the  bulk  valence  band 
'  Because  the  strenght  of  this  coupling  increases  with  decreasing  gap  E,,p  and, 
as  a  consequence,  also  the  width  of  the  resonance  increases  the  principal  question 
arises,  if  subbands  do  exist  in  inversion  layers  on  a  zero-gap  semiconductor.  Self- 
consistent  numerical  calculations  indicate  the  existence  of  resonant  subbaiid  states 
at  small  energy  gaps  but  cannot  be  applied  to  the  zero-gap  case'  ’.  Moreover,  these 
calculations  are  based  mainly  on  approximations,  like  neglecting  the  free-eleclron 
term  in  k  p  models.  We  have  studied  the  zero-gap  case  analytically  and  find 
a  principal  answer  to  the  problem;  The  existence  of  bound  stales  isl  connected 
with  the  free  electron  term,  because  it  changes  the  order  of  the  relevant  differential 
equations.  Thus,  resonant  stales  exist  only  if  the  free  electron  term  is  not  neglected. 
We  have  checked  this  principal  analytical  result  by  solving  the  subband  problem, 
starting  from  Kane’s  two  band  model  with  and  without  free  electron  term  and  using 
an  analytical  potential  for  the  inversion  layer.  The  exact  solution  for  Eg.p  =  0  and 
the  numerical  solution  for  very  small  E,.p(0.1meV)  show  similar  structure  in  the 
density  of  stales,  which  does  not  exist  if  the  free  electron  term  is  neglected. 


'  A  Ziegler.  U  Rossler,  Europhys.  Lett.  8.')4d  (1989) 
’  P.  ,Sobkuwi(-z,  Semicond.  Sci.  Technol,  5  18,1  (1990) 
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7.5 


Kinetic  Confinement  of  Electrons  in  Semiconductor  Heterostructures 
M.  Kubisa 

Institute  of  Physics,  Polish  Academy  of  Sciences 
02-668  Warsaw,  Poland 

A  new  type  of  electron  confinement  in  semiconductor  double  heterostruclures  is 
proposed.  The  confinement  occurs  when  the  effective  mass  of  electrons  in  the  center  region 
is  higher  than  that  in  the  outside  regions,  and  it  results  from  the  'kinetic  well*  produced  by 
the  transverse  free  motion.  The  system  is  similar  to  a  moving  bicycle;  the  kinetic  forward 
motion  gives  it  a  lateral  stability.  The  resulting  energy-wavevector  relations  for  two- 
dimensional  subbands  are  strongly  nonparabolic.  The  calcualted  density  of  states  is  similar 
(but  not  identical)  to  that  of  conventional  potentially  confined  2D  systems.  The  effect  of  an 
external  magnetic  field  on  this  system  is  also  considered.  It  is  shown  that  the  energies  of  the 
kinctically  confined  slates  are  strongly  nonlinear  functions  of  the  magnetic  field  intensity. 
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8.1 

HgCdTe  INFRARED  LASER  DIOJ'ES  GROWN  BY  MBE  * 

J.M.  Arias,  M.  Zandian  and  R.  Zucca 

Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 

and 

}.  Singh 

Department  of  Electrical  Engineering  and  Computer  Science 
University  of  Michigajt,  Ann  Arbor.  MI  48109 

ABSTRACT 

Tunable  HgCdTe  diode  lasers  could  be  used  as  infrared  sources  for:  optical  and 
atmospheric  communications,  laser  radar  heterodyne  detection,  molecular  spectroscopy, 
and  airp<“'-'heric  gas  analysis.  The  small  dependence  of  the  lattice  constant  on  the  Cd  molar 
fractioi  ,  ,,  of  Hg,  ^Cd^Te  makes  it  relatively  easy  to  grow  from  single  epitaxial  layers  to 

complex  heterostructures  across  the  wide  infrared  spectral  range  of  1  to  14  pm  without  the 
severe  lattice  matching  constraints  usually  found  with  other  semiconductor  alloys.  While 
HgCdTe  has  been  used  extensively  to  fabricate  high  performance  photodeteciors,  little  has 
been  done  to  apply  its  technology  to  fabricate  infrared  emitting  laser  diode  devices.  The 
only  implementation  of  a  narrow  band-gap  Il-Vl  compound  diode  laser  was  accomplished 
with  HgMnTe.* 

In  this  talk  we  will  report  the  earlier  ^  and  latest  results  on  the  fabrication  and  successful 
operation  of  HgCdTe  infrared  diode  lasers.  The  stripe-geometry  double  heierostructure 
lasers  were  grown  by  molecular  beam  epitaxy  (MBE).  The  active  layer  thickness  ranges 
between  0.9  and  1.4  pm,  and  the  the  p'''  and  n"*"  confinement  layers  were  in-situ  doped  up 
to  10'*  cm  *  with  arsenic  and  indium,  respectively.  Three  double  heterostructures  we: 
grown,  all  of  which  produced  working  lasers.  The  devi'-es  we-c  operated  under  pulsed 
currents  at  temperatures  between  40K  and  90K.  Emission  wavelengths  for  the  three  laser 
structures  were  2.9,  3.4,  and  3.9  pm.  The  lowest  77K  threshold  current  density  was  521 
A/cm^;  which  is  very  close  to  the  prediction  of  numerical  calculation,  further  material 
growth,  device  processing  and  device  characterization  data  (far  field  patterns,  spectral 
analysis  of  longitudinal  modes,  imaging  of  laser  emission,  etc.)  will  be  presented. 
Possibilities  for  further  improvement,  as  well  as  technological  limitations  will  be  discussed. 

I.  P.  Becia,  J.  Vac.  Sci.  Technol.,  A8.  2725  (1988). 

2  M.  Zandian.  J.M.  Arias,  R.  Zucca,  R.V,  Gil,  and  S.H.  Shin,  Appl,  Phys.  Lett,  59, 
1022  (1991), 


•  Work  supported  by  the  Phillips  LaboTifory  under  contract  No.  F2960I-90-C-(X)54 
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8.2 

OPTICAL  SPECTROSCOPY  OF  CdTe/CdHgTe 
QUANTUM  WELLS  AND  SUPERLATTICES 

E.  MONTERRAT,  L.  ULMER.  N.  MAGNEA,  H.  MARIETTE’,  J.  L.  PAUTRAT 
Laborafoire  de  Physique  des  Semiconducteurs  DRFMC  /  SP2M 
Centre  d'Etudes  Nucl6aires  de  Grenoble,  85X,  38041  G-enoble,  France 

K.  KHENG.  F.  FUCHS 

Fraunhofer  Institut  fur  Angewandte  Festkorperphysik 
72,  Tullastrasse,  D-7800  Freiburg,  Germany 

CdTe/Cd,Hg,.xTe  (x=0.5)  heferostructures  emitting  in  the  near  IR  wavelength 
range  (2-5|im)  have  been  grown  by  molecular  beam  epitaxy. 

First  we  will  report  on  the  optical  properties  of  Cdo.5Hgo.5Te  single  quantum  wells 
cladded  between  CdTe  or  Cdo.7Hgo.3Te  barriers.  The  well  thicknesses  vary  between 
10A  and  300A.  Very  efficient  transitions  characteristic  of  a  type  I  system  are  detected 
on  a  wide  temperature  range.  Electrons  and  heavy  holes  2D  quantization  is  clearly 
demonstrated  by  an  important  blue  shift  when  the  well  thickness  decreases  and,  for 
the  narrow  well  samples,  when  the  potential  heights  increase. 

Second,  for  superlattice  samples,  a  spectroscopic  analysis  of  luminescence, 
transmission  and  photoluminescence  excitation  (PLE)  spectra  will  be  presented.The 
PLE  spectra  of  CdHgTe  heterostructures  are  obtained  for  the  first  time  by  using 
Fourier  Transform  Infrared  Spectroscopy.  Both  the  transmission  and  PLE  data 
reproduce  quite  well  the  expected  density  of  states  for  a  two  dimensional  system 
with  a  step-like  spectrum  corresponding  to  the  various  ejhj  or  ejlj  minibands.  Up  to 
room  temperature  the  luminescence  spectrum  exhibits  a  single  line  which  is  very 
close  to  the  edge  of  the  first  absorption  step  ejhj. 

All  these  experimental  data  are  well  described  by  a  finite  square  well  model.  The 
quantized  energy  levels  (or  minibands)  ejhj  and  ejlj  are  calculated  with  a  Kronig- 
Penney  model  and  the  associated  effective  masses  are  deduced  from  the  Kane 
approximation.  This  quantitative  study  allows  to  obtain  a  good  fit  with  the  absorption 
spectra  using  values  for  the  physical  parameters  of  this  system  (optical  gaps, 
effective  masses,  valence  band  offset,  relative  contribution  heavy  /  light  holes)  which 
will  be  discussed. 

'Laboratoire  de  Spectometrie  Physique.  University  J.  Fourier,  Grenoble  I 
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8  3 

TYPE  CONVERSION  OF  Cd^Hp 
LIQUID  PHASE  EP 

D.T. Dutton.  E  D'KocIc.  P. Cupper,  C.L. Jones,  S.Mugtord  and  C.Ard 

Philips  Infrared  Deleuee  Components.  Southampton,  Hampshire.  U.K. 

Abstract 

It  is  important  for  both  photoeonduetor  and  photodiode  device  fabrication  to 
understand  the  process  of  p  to  n  conversion  in  Cd,jHg(|  ^^Te  (CMT).  The 
purpose  of  this  paper  is  to  report  on  type  conversion  of  epitaxial  CMT  as  a 
result  of  annealing  in  a  mercury  overpressure.  There  are  several  reasr)ns  for 
studying  this  conversion  mechanism.  These  include  determination  of  the 
background  donor  level,  as  a  measure  ot  material  quality,  optimisation  (d  anneal 
times  for  photc'conductors.  estimation  of  junction  penetration  lor  photodiodes 
and  retnoval  ol  inercury  vacancies  in  cxirinsictillv  doped  material  High  i)ualily. 
long  wavelength  p-type  CMT  grown  by  i  Kjuid  Phase  Epitaxy  il.PHi  Irom  ;i  I'e- 
rieh  melt  has  been  subjected  to  annealing  in  an  open  tube  lurnaee  with  rapid 
sample  quenching  arrangement,  Junetions  formed  by  mercury  eliminating  metal 
vaeancies  within  the  epitaxial  layer  have  been  identified  by  a  Hall  and  strip 
teehnique.  It  has  been  found  that  junction  penetration  depths  are  dependent  upon 
the  square  root  of  anneal  time  and  the  ninetion  penetration  rate  is  different  Irom 
the  published  results  for  bulk  material  1 1 1  I'lie  ellect  on  lunetion  penetration  of 
using  layers  with  ditferent  initial  .iece[iior  concentrations  and  b.ickgrounvl  donor 
levels  has  been  investigated  These  findings  will  be  compared  with  other 
published  dtita  and  the  meehanism  ol  merciirv  ditiusion  will  be  discussed  with 
regard  to  initial  acceptor  and  background  donor  concentrations,  as  well  as  I'e 
precipitates  and  dislocations, 

|l|  C  L  Jones.  M  J  T  Quelch.  P C.ipper  and  J.J  (iosnev.  J  .AppI  Phvs  .  5.T 
( l‘)82)  dOSO 

Present  address  -  ILVI  Ine..  Saxonburg.  PA,  U.S.A 


GROWN  BY 

h'AXY 
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As  and  Sb  Diffusion  in  MCT  for  Junction  Formation 

L.O.  Bubulac,  S.J.C,  Irvine,  E.R.  Gertner,  W.P.  Lin  and  J,  Bajaj 
Rockwell  (c.f.  Arias) 

Rockwell  International  Science  Center,  1049  Camino  Dos  Rios,  Thousand  Oaks,  Calif. 

91360,  U.S.A. 

HgCdTe  is  an  important  narrow  band  gap  semiconductor  for  infrared  detection 
technology  due  to  wide  range  of  wavelength  lunability  (0-1. 6eV).  The  p-on-n  junction 
architecture  for  the  photovoltaic  devices  is  increasingly  imponant.  Fabrication  of  p-on-n 
photodiodes  using  ion  implantation  techniques  has  been  developed  for  this  process.  In  this  paper 
we  describe  results  on  the  As  and  Sb  diffusion  from  an  ion  implanted  source  and  on  the  quality 
of  the  long  wavelength  p-on-n  junctions  formed  by  this  process  in  MOCVD  IMP.  Diffusion 
mechanisms  of  As  and  Sb  have  been  studied  from  chemical  analysis  (secondary  ion  mass 
specuometry-SlMS)  and  theoretical  modelling  combined  with  a  technique  for  measuring  the 
location  of  the  elecuical  junction  (electron  beam  induced  current  -  EBIC).  During  the  anneal 
As  redistributes  from  the  ion  implanted  source  by  a  multicomponent  mechanism.  The  electrical 
junctions  are  fontied  by  an  enhanced  diffusion  component  of  As,  which,  we  suggest,  is  a  vacancy 
mechanism  (Kcurring  on  the  cation  sublattice  of  HgCdTe.  This  mechanism  operates  when  both 
(a)  sources  of  As  on  the  cation  sublattice  and  (b)  cation  vacancies,  are  present  in  the  material. 
This  is  the  case  for  the  ion  implanted  regions  of  MCT.  When  Sb  is  diffused  from  an  ion  implanted 
source  the  junctions  seem  to  form  on  the  gaussian  component  for  which  the  diffusion  coefficient 
is  relatively  higher  than  for  As  (~4  x  10  ‘’cmVs  for  Sb  versus  -2  x  10  ’'’cmVs  for  As  at  400‘’C 
in  Hg  atmosphere).  In  both  cases  the  device  quality  is  good  in  terms  of  zero  bias  resistance  area 
product  (RoA)  and  quantum  efficiency.  These  results  can  be  related  to  the  characteristics  of 
both  layer  characteristics  and  junction  formation.  Examples  of  photodiodes  fabricated  by  both 
prtx;esses  will  be  given.  Thus,  an  RoA  of  73.4f2cm’  for  a  cutoff  wavelength  of  10.02pm  at  77K 
and  a  quantum  efficiency  of -50%  were  obtained  by  As  diffusion  from  an  ion  implanted  sources; 
and  a  RoA  of  77.7Hcm^  for  a  cutoff  wavelength  of  9.91pm  at  77K  and  quantum  efficiency  of 
-50%  were  obtained  for  Sb.  At  77K  the  transport  mechanisms  limiting  the  device  performance 
around  zero  bias  are  diffusion  limited,  indicating  gotxi  junction  properties  for  these  ion  implanted 
devices. 
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8.5 

Interdiffusion  study  in  CdTe/HgTe  superlattices 


A.Tardot,  A.Hamoudi,  P.Gentile,  N.  Magnea,  J.L.  Pautrat 
Laboratoire  de  Physique  des  Semiconducteurs 


D.R.F.M.C./S.P.2  M. 

Centre  d'Etudes  Nucleaires  de  Grenoble 
BP  85  X 

38041  GRENOBLE 
FRANCE 


The  properties  of  the  heterostructures  are  strongly  dependent  on  the 
interfacial  quality  and  particularly  on  its  abruptness.  Since  the  interdiffusion 
coefficients  are  high  in  the  II-VI  semiconductors,  this  point  has  to  be  carefully 
investigated. 

Experiments  have  been  designed  to  measure  the  interdiffusion  coefficients  in 
CdTe/HgTe  (001)  superlattices.  The  interdiffusion  coefficients  are  deduced  from 
double  crystal  X  rays  diffraction  spectra  on  post-growth  annealed  samples.  In 
addition  to  the  central  peak  (diffraction  of  the  average  lattice)  the  X  rays  pattern 
exhibits  satellite  peaks  due  to  the  constructive  interference  between  beams  reflected 
by  various  periods.  The  satellites  intensity  is  directly  related  to  the  Fourier 
components  of  the  concentration  profile.  The  interdiffusion  process  is  thus 
observable  on  the  reduction  of  the  satellites  intensities  and  it  enables  to  measure 

coefficients  ranging  from  10"'®  to  10'^^  cm^/s. 

The  CdTe/HgTe  superlattices  are  coherently  grown  by  Molecular  Beam 
Epitaxy  on  (001)  oriented  CdQg.jZnQgjTe  substrates.  The  annealings  are  realised  in 

the  200-250°C  range  for  integrated  times  varying  from  Ih  to  lOh.  The  sample  is 
maintained  under  a  Hg  overpressure  in  order  to  control  the  thermodynamic 
conditions  of  the  thermal  treatments.  The  satellites  intensities  decrease 
monotonically  with  annealing  time.  We  check  that  the  period  and  the  width  of  the 
satellites  remain  constant,  indicating  a  very  homogenous  interdiffusion.  After  each 
annealing,  the  ratio  of  the  satellites  integrated  intensities  to  the  central  peak  is 
calculated. 

A  careful  analysis  of  the  variation  of  satellites  intensities  with  time  shows 
that  the  simple  linear  model  is  not  applicable.  Effects  of  the  strong  concentration 
gradient  at  the  interface  and  the  difference  between  the  intrinsic  coefficients  of  Cd 
and  Hg  are  taken  into  account  to  describe  the  interdiffusion  phenomenon  in 
CdTe/HgTe  superlattices.  For  comparaison  we  will  present  results  obtained  on 
CdTe/Cdg  g^Zn^i  ^.^Te  superlattices  where  the  linear  diffusion  model  is  applicable. 

These  results  will  be  compared  with  the  available  data  on  the  diffusion 
process  in  these  materials  and  agree  quite  well  with  higher  temperature  (300-500°C) 
data. 

These  experiments  show  that  during  the  growth  process  of  Hg  based 
heterostructures  at  160-180  C,  the  contribution  of  interdiffusion  to  interface 
sharpness  is  of  the  order  of  one  or  three  monolayers  following  the  concentration 
gradient  These  data  agree  with  the  microscopic  and  spectroscopic  investigations. 
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Middle  Infrared  Picosecofo  Spectroscdpy 
OF  MBE  InAs  Epilayers  at  300  K 


K.L.  Vodopyanov  •,  H.Graener,  EP  III  Uni.Bayreuth,  Postfach  101251,  D-8580 
Bayreuth.FRG.  tei  0921/553179,  fax.  0921/552999 
C.C. Phillips,  Physics  Dept.,  Imperial  College,  London  SW7  242,  t/K, 
tel.  071/589  5111,  fax.071/539  9463 

I. Ferguson,  IRC  for  Semiconductor  Growth, Imperial  College,  London  SIV7  2AZ,  UK 
•)  Perm,  address;  General  Physics  Institute,  Vavilov  str.38,  Moscow  117942 


Pump-probe  mid-lR  experiments  with  10  ps  resolution  have  been  performed 
for  the  first  time  on  uUralhin  (0.09-3.3  pm)  undoped  MBE  InAs  epilayers  on 
GaAs  substrates  at  300  K  using  a  novel  pulsed  laser  system  based  on  NdiYAG 
pumped  LiNbOa  Parametric  Superradiant  Generator.  This  system  provided  pum(j 
and  probe  pulses  independently  tunable  in  the  range  2700-3900  cm 
(hi^=0. 335-0,485  eV)  which  is  near  and  above  the  absorption  edge  of  InAs. 

The  excess  carrier  concentrations  of  10*^-10'*cm  ^  were  created  at  pump 
intensities  of  1-2  10  W/cm^,  leading  to  the  large  Burstein-Moss  blue 
shifts,  reaching  90  meV  .  and  significant  bleaching  near  the  excitation 
photon  frequency  with  recovery  times  in  the  range  3000-35  ps;  the  latter 
value  being  strongly  dependent  on  photon  energy,  InAs  epilayer  thickness, 
high  energy  proton  irradiation  dose  and  other  conditions.  The  Auger 
coefficient  in  InAs  was  measured  for  the  first  time  to  be 

I,  ItO.l  •  10  ^  cm  s  .  The  carrier  recombination  rate,  which  was  calculated 

from  the  bleaching  recovery.  Is  govern#»d  at  the  specified  earner  densities 
by  :  for  ’’thick"  (>0,5  pm)  samples  -  Auger  effect;  for  "thin”  (<0.5  pm) 

samples  -  by  the  InAs/GaAs  interface  defect  recombination.  Shockley-Read 
recombination  played  additive  role  and  increased  significantly  after  proton 
bombardment  A  detailed  numerical  modelling  of  these  effects  was  made. 

Dynamic  induced  absorption  spectra  (DIAS)  of  the  samples  taken  at  zero  and 
negative  pump-probe  delays  show  a  pronounced  spectral  hole  (‘•100  cm  wide) 
burnt  into  the  InAs  absorption  continuum,  centred  at  the  position  of  the 
pump  frequency,  due  to  generation  of  nonthermai  (hot)  carriers.  A  discussion 
of  this  and  other  sharp  features  of  the  DIAS  data  will  be  made  and 
preliminary  results  from  InAsxSbt  x  alloys  and  Strained  Layer  Superlattices 
will  be  presented  for  the  first  time. 

Using  the  ultrafast  bleaching  effect  in  the  InAs  MBE  layers  we  have 
demonstrated  passive  mode-locking  of  a  3  pvn  erbium  laser  for  the  first  timeV 
Intense  (10  MW  peak  power)  picosecond  pulses  were  generated  with  an 
extremely  simple  all  solid  slate  cavity  design. 


I.  K. L  .  Vodopyanov,  A.  V.l  tikashev,  C.C. Phillips.  l.T.Ferguson  Appl.  Phys. 
Lett  59.  1658  (1991) 
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9.2 


Ultrafast  Recombination  Processes  in  Lead 


Chalcogenide 


Semiconductors  Studied  via  Picosecond  Optical  Nonlinearities 


R.  Klann,  T.  Hofer,  R.  Buhleier,  and  T.  Elsaesser 
Physik  Department  Ell,  Technische  Universitat  Munchen, 
James-Franck-Str.,  D-8046  Garching,  Germany 
Phone  (089)  3209-2865,  FAX  (089)  3209-2842 

2Uld 

A.  Lambrecbt 

Fraunhofer-Institut  fur  Physikalische  Messtechnik, 

D-7800  Freiburg,  Germany 

Lead  chalcogenidea,  an  important  class  of  narrow-gap  semiconductors,  have  found  exten¬ 
sive  application  for  laser  diodes  emitting  in  the  wavelength  range  between  3  and  30  pm. 
Radiationless  recombination  of  electron-hole  pairs,  e.g.  by  Auger  processes,  is  expected 
to  influence  the  performance  of  laser  diodes  and  to  limit  the  available  optical  power.  A 
number  of  theoretical  calculations  on  Auger  recombination  has  been  reported,  whereas 
little  experimental  information  is  available  on  fast  recombination  processes  [1).  In  this 
paper,  we  present  the  first  detailed  study  of  ultrafast  recombination  in  PbSe,  by  means 
of  temporally  and  spectrally  resolved  measurements  with  picosecond  pulses  in  the  mid- 
infrared. 

PbSe  crystals  grown  by  molecular  beam  epitaxy  (thickness  d=2pm)  are  studied  in  the 
time  resolved  experiments  where  an  electron-hole  plasma  is  generated  by  picosecond  pho¬ 
toexcitation.  The  carriers  give  rise  to  a  bleaching  of  the  inter-band  absorption  which  is 
monitored  by  probe  pulses  of  8  ps  duration,  tunable  in  the  wavelength  range  from  4  to 
9  pm.  For  an  excitation  density  of  4x10*’  cm'^  we  observe  a  transient  blue  shift  of 
the  absorption  edge  by  approximately  12  meV  which  is  due  to  band-filling  by  both  elec¬ 
trons  and  holes.  The  concommittant  change  of  the  refractive  index  by  up  to  An=-0.1 
is  detected  in  the  wavelength  range  below  the  band  edge  via  a  shift  of  the  Fabry- Perot 
resonances  of  the  thin  PbSe  crystal. 

The  time  dependent  change  of  transmission  builds  up  instantaneously  with  the  pump 
pulse  and  shows  a  relaxation  depending  on  the  excitation  density  N.  For  N  below  5  x  10'^ 
cm"^,  the  signal  decays  by  carrier  recombination  on  a  time  scale  of  several  hundreds 
of  nanoseconds.  At  higher  densities  of  up  to  3x10'*  cm~*  ,  we  find  an  additional  fast 
recombination  at  early  times  after  excitation.  At  sample  temperatures  of  lOK  and  70  K, 
the  fast  recombination  leads  to  a  substantial  decrease  of  carrier  density  within  the  first 
100  ps.  A  comparative  study  of  the  emission  spectra  occurring  after  picosecond  excita¬ 
tion  demonstrates  that  this  effect  is  due  to  the  onset  of  stimulated  emission,  resulting  in 
enhanced  recombination  rates  of  electrons  and  holes.  At  room  temperature,  stimulated 
emission  does  not  occur  for  densities  below  3  x  10'*  cm"*.  Here,  the  fast  component 
of  recombination  is  governed  by  Auger  processes,  resulting  in  a  decay  of  carrier  density 
on  a  time  scale  of  approximately  1  ns.  The  analysis  of  the  time  resolved  data  gives  an 
Auger  coefficient  of  1.0  ±  0.3  x  10"“  cm*/s.  The  experimental  results  will  be  compared 
to  theoretical  calculations  of  the  different  fast  recombination  processes. 

(1|  R.  Klann,  R.  Buhleier,  T.  Elsaesser,  and  A.  Lambrecht,  Appl.  Phys.  Lett. 59,885(1991) 
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9.3 

NUCLEAR  SPIN  POLARIZATION  IN  INSB 
DETECTED  BY  SPIN-FLIP  RAMAN  GAIN 
SPECTROSCOPY 

W.  Hofmann,  H.  Pascher,  G.  Denninger 

(Pliys.  Inst,,  Universilat,  1)  8580  Bayreuth,  Germany) 

riie  comlni  tion  electron  spin  resonance  (CKSB)  is  shifted  hy  the  spin  pola¬ 
rization  of  thi’  nuclei  via  the  Kermi  contact  interaction  between  the  nuclear  and 
electronic  spins  (Overhausershift ).  We  observe  this  interaction  in  n  type  InSb  by 
coherent  spin  flip  Uaman  scattering  using  two  GO-lasers  (I],  In  narrow  gap  semicon 
doctors  with  their  high  effective  g-factors  this  method  is  very  useful  to  measure  the 
(’KSK-frecpiericy  in  a  wide  range  of  magnetic  fields.  The  coherent  spin-flip  Raman 
scattering  of  laser  radiation  with  photon  energies  corresponding  to  the  energy  gap  is 
strong  enough  to  produce  a  <  onsiderable  amount  of  saturation  of  the  electronic  spin 
system.  1  hus  due  to  the  large  effective  g  factor  of  InSb  a  high  degree  of  dynamic 
nu<  lear  polarization  (1)NI‘)  is  achieved  by  the  hyperline  interaction  ami  the  Over¬ 
hausershift  is  enhanced  with  respei  t  to  thermal  erpiilibriiim  by  a  factor  of  several 
hundreds. 

I  ll*'  Overhausershift  is  directly  pro|>urtional  to  the  propability  |'l'(0)|*  to  find 
an  electron  at  the  nuclear  sites.  In  thermal  equilibrium,  when  the  spin  polarization 
of  the  nuclei  is  known,  measurements  of  the  Overhausr-rshift  directly  yield  infor¬ 
mations  on  |'k(0)|^  of  the  conduction  electrons  for  *‘^ln  and  *^*Sb,  respectively 
Investigations  of  the  shift  as  a  function  of  time  either  while  dynamically  polarizing 
the  mil  lei  or  while  the  nuclei  relax  from  high  spin  polarization  to  thermal  equili¬ 
brium,  mi’asure  the  nuclear  spin  lattice  relaxation  time  l\  of  the  different  isotopes. 
1  he  observed  time  constants  Ti  are  compared  with  calculations  based  on  a  modified 
Korringa  model  ('2]. 

Because  the  Overhausershift  directly  detects  the  component  of  the  nuclear  polari¬ 
zation  parallel  to  the  I’xternal  magnetic  field,  experiments  where  the  Overhausershift 
is  observed  under  pulsed  railio  frequency  irradiation  allow  a  direct  observation  of 
Rabi  oscillations.  From  their  decay  an  effective  Iransviusi*  nuclear  spin  ndaxation 
t  ime  I'i  can  be  determined.  It  agrees  well  with  the  liiiewidth  of  the  nuclear  magnetic 
resonance  as  observed  by  the  Overhausershift  technique. 


(I|  G.  Denninger,  II.  I’ascher,  Solid  State  ( 'oiiimim.  78,  5,  :W9  (1989). 
12|  F.  Bridges,  W  <;,  (’lark,  I’hys.  Rev.  f82,  2,  1(0  (I9(i8). 
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Cross  Field  Hot  Hole  Cyclotron  Resonance: 
Non-Parabolic  and  Quantum  EITects 


C.  Kremser,  K.  Unterrainer 

Institut  fUr  Experiinentalphysik,  Universitfit  Innsbruck,  A-6020  Innsbruck,  Austria 


E.  Gornik 

Walter  Schottky  Institut,  TU-MUnchen,  0-8046  Garching,  Germany 

P.  Pfeffer,  W.  Zawadzki 

Institute  of  Physics,  Polish  Academy  of  Sciences,  02-668  Warsaw,  Poland 
B.  Murdin,  C.R.  Pidgeon 

Department  of  Physics,  Heriot-Watt  University,  Edinburgh  EH  14  4AS,  U.K. 


New  results  of  magneto  absorption  experiments  with  p-Ge  crystal  subjected  to  high 
crossed  electric  and  magnetic  Helds  are  presented,  investigating  the  coupling  between  the  light 
and  heavy  hole  bands  and  non-parabolic  effects,  which  are  important  for  the  light  hole  band  at 
the  Helds  used  here.  These  effects  lead  to  an  unequal  Landau  level  spacing  which  is  a  key 
requirement  to  achieve  tunable  p-Ge  cyclotron  resonance  lasers  [1]. 

In  our  experiments  we  used  a  sample  with  a  carrier  concentration  N,^-Nd=6  x  10'’cm  ’. 
One  face  of  the  sample  was  wedged  in  order  to  avoid  Fabry-Perot  interferences.  The  whole 
experiment  was  performed  at  liquid  Helium  temperatures.  A  tunable  p-Ge  cyclotron  resonance 
laser  was  used  as  a  novel  FIR  source  giving  FIR  pulses  of  500  ns  duration.  The  laser  was  placed 
inside  the  same  cryostat  as  the  investigated  sample.  Electric  field  pulses  of  up  to  3.6  kV/cm 
with  a  duration  of  1  4s  were  applied  to  our  sample.  Magnetic  fields  of  up  to  5T  were  used. 

Cyclotron  transition  energies  were  recorded  for  electric  fields  between  0  and  3.6  kV/cm 
at  laser  frequencies  between  65  cm  '  and  85  cm  '.  For  a  quantitative  determination  of  the 
light-hole  transitions  observed  in  our  experiments  we  have  used  the  Pidgeon  and  Brown  (PB) 
coupled  band  model.  To  obtain  a  good  fit  to  our  data,  the  influence  of  the  conduction  and 
spin-orbit  split  off  bands  is  essential.  In  addition  it  was  found,  that  for  the  lowest  cyclotron 
transition  warping  of  the  enerfv  surfaces  has  to  be  considered.  With  the  PB-model  including 
warping  effects  good  agreement  with  our  data  could  be  obtained  both  for  the  electric  field  and 
magnetic  field  dependence  of  the  Landau  level  transitions.  The  results  are  expected  to  be 
important  for  the  investigation  of  stimulated  CR-emission  in  p-InSb  and  p-Si. 


(1)  Optical  and  Quantum  Electronics,  1991,23  (special  issue  on  FIR  semiconductor  lasers), 
Mityagin  et  al„  p.287;  Gomik  et  al.,  p.267;  Komiyama  et  al.,  p.l33;  Gavrilenko  et  al., 
p.217. 
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INVESTIGATION  OF  TRAP  LEVELS  IN  BULK  AND  LPE  Hg^.j^Cd^Te 
USING  RESONANT  IMPACT  IONIZATION  SPECTROSCOPY 
C  L  Litller,  X.  N.  Song,  and  Z.  Yu 
Department  of  Physics,  University  of  North  Texas 
J  L  Elkind 

Central  Research  Laboratories,  Texas  Instruments,  Inc, 

D.  G  Seiler  and  J.  R.  Lowney 
National  Institute  of  Standards  and  Technology 

•A  new  technique  for  studying  low  concentrations  of  trap  levels  in  narrow  (  x  •  0.22 
-  0  24  )  gap  Mg^.^Cd^Te,  has  been  used  to  investigate  both  bulk  and  LPE  samples  of 
this  material.  In  this  technique,  known  as  Resonant  Impact  Ionization  (RIl).  electrons 
are  photoexcited  across  the  energy  gap  via  the  absorption  of  one  photon  from  a  COj 
laser  and  then  subsequently  well  into  the  conduction  band  by  absorption  of  a  second 
photon  The  photoexcited  earners  then  relax  from  a  higher-lying  conduction -band 
Landau  level  to  a  lower  one  via  impact  ionization  oi  a  valence  electron  into  a  trap 
level.  For  a  resonance  to  occur  the  transition  energies  ^ElL  conduction- 

band  Landau  levels  must  equal  the  transition  energies  AE||  between  the  highest 
valence-band  Landau  level  and  an  impurity  or  trap  level  in  the  gap.  Landau  levels 
that  are  more  than  a  photon  energy  above  the  lowest  conduction-band  Landau  level 
are  not  populated  and  do  not  contribute.  In  the  case  of  the  bulk  samples,  mercury 
(Hg)  intersiiials  were  deliberately  introduced  into  ax-  0.22  and  ax-  0.24  sample, 
where  each  sample  was  divided  into  two  parts  and  the  second  pan  of  each  slice  was 
used  as  a  control.  The  results  from  the  inierstiiially-doped  samples  provide  direct 
evidence  that  the  Hg  iniersitials  create  trap  levels  at  cr  45  and  60  meV  above  the 
valence  band  edge  In  addition,  enhancement  in  the  two-photon  magnetoabsorption 
(TPMA)  strength  is  observed  in  samples  where  the  60  meV  level  resides 
approximately  at  the  middle  of  the  energy  gap.  Work  on  LPE  samples  of  HgCdTe  has 
recently  begun  the  samples  also  show  Rll  structure  due  to  deep  trap  levels 

•This  material  is  based  in  part  upon  work  supported  by  the  Texas  Advanced 
Technology  Program  under  grant  »  003594018  and  a  grant  from  Texas  Instruments, 
Inc 
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(  llAKAC  I  IKI/A  I  K)N  0\  )  kt  I  CAkliUk'J  IN  IV  VI  I  ASl  K  MA  U  RIAl  b 

I  kOM  INI  KAkl  L>  KL  I  I  I  C  I  ivn  Y 

D.H.Kushcv,  N.N./heleva 

St^nnconduf.  1  or  Phybics  and  1  echnology  Intililule 
Universtly  of  Sofia,  U<>  Sofia,  Bulgaria 
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estimation  of  the  bulk  reflectivity  minimal  value  and  its 
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10.1 


IV- VI  Material  Properties  Relevant  to  Laser  Diodes 
M.  Tacke 

Fraunhofer-Institut  fiir  Physikalische  Messtechnik 
Ileidenhofstrasse  8,  W-7800  Freiburg,  Germany 


Nearly  all  material  parameters  of  semiconductors  are  important  for  designing  and 
understanding  diode  lasers.  Mechanical  properties  must  be  considered  when 
mounting  the  laser  chips,  chemical  properties  influence  the  choice  of  contacting 
procedures  and  materials.  Central  importance  of  course  comes  to  those  para¬ 
meters  that  govern  the  efficiency  of  the  lasing  process. 

The  laser  gain  must  compensate  laser  material  losses.  Hence  these  losses  must  be 
low.  In  the  mid  IR,  the  optical  losses  are  mainly  due  to  free  carrier  absorption, 
but  probably  also  to  impurity  induced  attenuation.  Good  quantitative  knowledge 
on  the  absorption  processes  is  necessary  for  the  calculation  of  the  threshold  gain. 

The  gain  itself  depends  on  the  radiative  recombination  probability  and  the  carrier 
concentration,  the  quasi  Fermi  level  position,  to  be  more  specific.  This  is  where 
the  band  structure  enters.  The  carrier  concentration  relative  to  the  laser  current 
should  be  high,  hence  long  minority  carrier  lifetime  due  to  nonradiative  pro¬ 
cesses  is  vital. 

At  present,  minority  carrier  recombination  probably  is  the  most  important 
material  property,  however  still  not  well  known.  It  strongly  influences  the 
typical  present  operation  temperature  near  liquid  nitrogen  temperatures,  which 
prohibits  wide  spread  use  of  the  lasers. 

The  main  use  of  the  mid  IR  diode  lasers  is  gas  analysis  by  absorption  spectro¬ 
scopy.  In  this  contest  laser  radiation  noise  is  important.  One  of  the  central  para¬ 
meters  is  the  relative  change  of  the  gain  and  the  real  part  of  the  refractive  index 
upon  changes  of  the  carrier  concentration. 

The  talk  aims  at  giving  a  feeling  for  the  relative  importance  of  such  parameters 
for  the  IV-Vl  mid  IR  lasers. 
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Molecular  Beam  Epitaxy  of  Laterally  Structured  Lead  Chalcogenides  for  the  Fabrication  of 

Buried  Heterosdructure  Lasers 
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A.  Lambrecht,  H.  Boltner,  M.  Agne,  R.  Kurbei,  A.  Fach,  B.  Halford,  U.SchieBl,  and  M.  Tacke 


Fraunhofer  Institute  for  Physical  Measurement  Techniques  (IPM), 
Heidenhofstr.  8,  0-7800  Freiburg,  Germany 
Phone;  49-(0)7  61-88  57-0,  FAX:  49-(0)7  61-88  57-224 


Laser  diodes  based  on  IV-VI-compounds  are  important  sources  for  tunable  infrared  radiation  in 
the  3  to  20  nm  spectral  region.  Their  major  application  is  trace  gas  analysis  of  atmospheric 
!  pollutants.  Most  recent  developments  focus  on  the  fabrication  of  buried  heterostructure  (BH-) 

lasers  by  molecular  beam  epitaxy  (MBE).  MBE-overgrowth  of  lateral  structures  in  the  2-5  ;im 
range  is  a  prerequisite  for  the  future  fabrication  of  advanced  submicron  structures  as  distributed 
feedback  lasers.  Here  studies  on  overgrowth  of  the  laterally  structured  IV-VI-  compounds  PbSe, 
PbEuSe,  PbSrSe  and  PbSnSe  obtained  by  different  methods  are  presented  for  the  first  time. 

'  Definition  of  lateral  structures  can  be  achieved  either  by  photolithography  or  by  shadow  masked 

growth.  Photolithography  using  a  wet  chemical  etch  is  hampered  by  the  chemistry  of  the  etchant 
which  results  in  strongly  composition  and  dimension  dependent  etch  rates,  so  that  our  studies 
show  a  poor  reproducability.  Therefore  structure  definition  by  ion  beam  etching  (Ar"*")  is 
*  favourable.  It  is  not  material  selective  and  structure  shape  can  be  controlled  to  a  certain  extent. 

For  improved  MBE-overgrowth  some  second  processes  have  to  be  used  to  ensure  a  clean,  well 
defined  surface  and  an  optimum  shape  for  MBE-overgrowth.  Sharp  edges  result  in  deep  cracks  or 
grooves  aside  a  well  grown  ridge.  We  were  sucessfully  employing  a  chemomechanical  polish 
similar  to  substrate  preparation  to  obtain  a  suitable  smooth  shape. 

By  directly  growing  the  acbve  stripe  of  a  BH-laser  through  a  shadow  mask  much  of  the  problems 
encountered  with  photolithography  can  be  avoided.  We  report  on  PbSe  and  PbSnSe  -  BH-lasers 
^  with  active  widths  in  the  20  nm  range  which  were  obtained  by  shadow  mask  growth.  The  masks 

'  were  prepared  by  anisotropic  chemical  etching  of  Si(IOO). 

I  The  overgrowth  results  were  investigated  employing  scanning  electron  microscopy  (SEM).  A 

.  selective  chemical  etch  was  used  to  reveal  layers  of  different  composition.  An  optimization  of  this 

I  preparation  technique  gave  a  sharp  analytic  tool  to  investigate  overgrowth  in  detail. 

1 

I 

^  The  main  effect  of  lateral  structurization  is  a  change  of  the  laser  farfield  intensity  distribuUons. 

I  Double  heterostructure  lasers  usually  have  multi  lobe  farfields.  BH-lasers  frequently  show 

I  aperture  filling  single  lobe  fields.  The  obtained  data  are  qualitatively  explained  by  a  waveguide 
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Abstract  for 

International  conference  on  narrow  gap  semiconductors, 
Southampton,  19-23  July  1992 


THERMAL  MISMATCH  STRAIN  RELAXATION  MECHANISMS  IN 
HETEROEPITAXIAL  LEAO-CHALCOGENIOE  LAYERS  ON  SI-SUBSTRATES 

H.  Zogg,  C.  Maissen,  S.  Blunier,  S.  Teodoropol,  R.M.  Overney’,  T.  Richmond’,  J.VJ. 
Jomn? 

AFIF  (Arbeitsgemeinschaft  fur  industrielle  Forschung)  at  Swiss  Federal  Institute  of 
Technology,  ETH  Hdnggerberg,  CH-8093  Zurich,  Switzerland 

'Institute  of  Physics,  University  of  Basel,  CH-4056  Basel,  Switzerland 
'Humbolt  University.  0-1040  Berlin,  Germany 

Narrow  gap  IV-VI  lead-chalcogenides  are  grown  by  MBE  on  3"  Si(1 1 1 )-  and  Si(l  00)- 
substrates.  Epitaxy  is  achieved  with  the  aid  of  a  =200  nm  thick  BaF^CaF,  buffer 
layer.  The  layers  are  applied  for  the  fabrication  of  photovoltaic  IR-sensor  arrays  both 
for  the  3-5  pm  and  8-12  pm  range  (1). 

Due  to  the  thermal  mismatch  between  IV-VIs,  fluorides  and  Si,  the  layers  would 
crack  on  cool  down  from  growth  temperature  if  no  relaxation  of  mechanical  strain 
could  occur. 

For  (111 )-orienled  slmdures.  this  relaxation  is  by  glide  of  dislocations  on  (100) 
planes  (which  are  inclined  with  respect  to  the  (1 1 1  )-surface)  both  for  the  fluoride  and 
IV-VI  layers.  We  determined  the  morphology  of  slip  steps  resulting  from  dislocations 
which  have  glided  across  the  layers  using  a  STM  (scanning  tunnelling  microscope)  for 
the  IV-VI  layers  and  an  AFM  (atomic  force  microscope)  for  the  (insulating)  buffer 
layers.  Two  types  of  dislocations  are  found:  A  set  of  glissile  dislocations  with  Burgers 
vector  inclined  with  respect  to  the  surface  is  responsible  to  overcome  the  thermal 
mismatch,  while  most  of  the  large  lattice  mismatch  (up  to  19%)  is  overcome  by 
sessile  dislocations  with  Burgers  vector  parallel  to  the  interface.  The  glissile 
dislocations  in  the  IV-VI  layers  remain  mobile  down  to  cryogenic  temperatures  even 
after  multiple  cool-down  cycles;  near  no  strain  is  observed  by  x-ray  diffraction, 
Rutherford  backscattering  channeling,  or  photoluminescence  measurements.  The 
amount  of  strain  relaxation  can  be  tailored  by  using  ternary  compounds  like 
PbSe,  .Te,.  With  suitable  compositions  x,  strain  relaxation  occurs  at  elevated 
temperatures  only,  while  the  layers  strain  elastically  on  cool  down  to  cryogenic 
temperatures. 

Contrary  to  (lll)-orientod  structures,  (JtXJ^orrenfed  layers  are  strained  and  can 
crack  at  low  temperatures.  This  is  because  the  resolved  shear  stress  is  zero  for  the 
primary  {100}<110>  glide  system  in  (lOO)-orientation. 

[1]  H.  Zogg,  C.  Maissen,  J.  Masek,  T.  Hoshino,  S.  Blunier,  A  N.  Tiwari, 

Semicond  Sci.  Technol.  6,  1991,  pp.  C36-C41. 


Please  send  all  correspondence  to  H.  Zogg,  AFIF,  ETH  Hbnggerberg,  CH-8093 
Zurich,  FAX  ■^-^41  1  371  241,  Phone  41  1  377  2209  (or  ..2156  or  .  2143) 
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Properties  of  Narrow-Gap  PbSe  Quantum  Wires 

K.  H.  Herr^'ijin,  K.-P.  Mollmann,  P.  Schafer,  J.  W.  Tomm" 

H.  Bottner,  M.  A.  Fach,  M.  Griesinger® 

J.  Sebastian” 

”  Humboldt-Universitat  Berlin,  Institut  fur  Festkbrperphysik,  0-1040  Berlin,  FRG 
”  Fraunhofer-Institut  fiir  Physikalische  MeBtechnik  W-7800,  Freiburg,  FRG 
”  Paul-Drude-Institut  fur  Hochstfrequenztechnik,  0-1086  Berlin,  FRG 

We  present  the  first  report  on  the  preparation  and  investigation  of  an  artificiaJ  lead  salt 
based  structure  containing  a  one-dimensional  electron  gas.  Starting  point  for  the  preparation 
were  thin  PbSe  layers  grown  by  Molecular  Beam  Epitaxy.  Holographic  lithography  was  used 
for  delineating  quantum  wires.  The  result  were  2  mm  long  wires  with  a  cross-section  of 
about  650*650  nm^  separated  by  650  nm  wide  barriers. 

Photoluminescence  spectra  indicate  a  giant  blue  shift  of  the  edge  emission  by  50  meV  (to 
be  compared  with  E,  »  145  meV  for  bulk  material).  The  energy  of  the  main  asymmetric 
luminescence  line  well  agrees  with  an  additional  edge  in  the  photocurrent  spectra. 

The  shift  observed  exceeds  the  value  calculated  taking  into  account  the  geometrical  width 
(about  0.5  meV)  by  orders  of  magnitude. 

Possible  explanations  for  this  effect  will  be  discussed: 

*  thermally  induced  or  built-in  strain  (estimated  to  give  a  blue  shift  of  about  5  meV), 

*  a  wire  cross  section  reduced  by  lateral  depletion  layers, 

*  the  influence  of  a  resonant  level  within  the  conduction  band  which  was  found  earlier  or 
transitions  via  states  generated  by  the  surface  treatment, 

*  transitions  between  excited  states  as  a  consequence  of  the  heating  of  the  carrier  plasma 
due  to  reduced  electron-phonon  interaction. 

These  hypotheses  will  be  discussed  on  the  basis  of  several  sets  of  experiments.  We  think, 
that  there  is  reason  to  believe,  that  the  use  of  quantum  size  effects  in  binary  lead  salts  is  a 
real  alternative  to  the  application  of  mixed  crystal  systems  for  'short  wavelength’  device 
applications  to  meet  the  2. .3  pm  region. 
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An  STM  Study  of  InSb(100)-c(8x2) 

M.C  Schweitzer',  F.M.  Leibsle',  T.S.  Jones^,  C.F.  McConville’,  N.V.  Richardson  * 

‘  IRC  in  Surface  Science,  University  of  Liverpool.  Liverpool,  L69  3BX.  UK 

^  Department  of  Chemistry  &  IRC  in  Semiconductor  Materials,  Imperial  College,  London, 

SW7  2AY,  UK. 

'  Department  of  Physics,  University  of  Warwick.  Coventry,  CV4  /AL,  UK 
Abstract 

The  preparation  of  chemically  clean  surfaces  of  the  (100)  surface  of  InSb  prior  to  growth 
by  MB  E  generally  requites  in  situ  treatment  by  cycles  of  ion  bombardment  and  annealing.  Low 
energy  ditfraction  (LEED)  studies  after  such  a  treatment,  shows  a  sharp,  stable  c(8x2)  pattern 
after  annealing  to  625K.  We  present  the  first  atomic  resolution  scanning  tunnelling  microscopy 
(STM)  images,  which  demonstrate  that  after  such  a  cleaning  process,  automatically  flat  terraces 
are  obtained  over  areas  in  excess  of  lOOOA.  The  c(8x2)  structure  is  clearly  seen  in  the  STM 
images  consisting  of  ordered  rows  of  indium  dimers.  A  structural  model  is  presented  which  is 
consistent  with  these  observations. 
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PIEZOELECTRIC  EFFECTS  IN  SUPERLATTICES 

M.  Lakrinii,  It.W.  Marlin,  C.  Lopez,  D.M.  Symons,  F^.T.R.  Chidicy,  R.J.  Nicholas, 

N. J.  Mason,  and  P.J.  Walker. 

Fhysii.n  Department,  Clarendon  l^ahoratory,  The  University  of  Oxford,  Parks  Road. 
OXFORD  0X1  :RnJ,  U.K. 


ABSTRACT 


1  lie  last  decade  has  seen  the  introduction  of  new  high  quality  structures  based  on  strained 
materials,  It  has  also  been  predicted  that  the  optical  and  electrical  characteristics  could  be 
modified  through  growth  along  <in>  directions  compared  to  the  usual  <100>.  Jn  zincblende 
and  wurtzitc  structures,  the  strain  is  shown  to  cause  large  internal  piezoelectric  fields,  of  order 
1  X  10^  V/cm,  which  mo<lify  the  structure  and  alter  its  performance.  The  existence  of  this 
electric  field  has  already  been  demonstrated  by  different  groups  using  various  methods.  We 
present  results  from  intrinsic  In.As/OaSb  and  InGaSb/OaSb  structures  grown  by  MOVPF.  I  he 
effects  of  the  piezoelectric  li('ld  have  been  assessed  by  comparative  studies  of  simultaneously 
grown  (100|,  (I  n|A,  and  (1 11  |H  structures. 

Fvidence  for  the  existence  of  tlu*  piezoelctric  field  was  provided  by  pbololuininesccnce  and 
interband  photoconductivity  studies  on  InGaSb/GaSb  quantum  wells.  I'lie  measured  Stark 
shifts  of  the  order  of  10- 100  meV  were  well  correlated  by  the  estimated  strain  Induced  piezo- 
rlectrif  field,  of  about  J  xlO^  V/cm.  MagneU)traiisj)ort  data  on  two-dimensional  holes  confined 
in  these  ln,Gai -xSb/GaSb  quantum  wells  will  be  discussed  with  emphasis  on  the  infinence  of 
the  cap  layer  thickn<?ss,  yielding  differences  hetween  (1 1 1]A  and  (1 1  IjB  orientations.  In  |1 1 1)A, 
the  depletion  field  adds  to  the  pii  zoelectric  field,  thus  producing  a  sharper  triangular  well, 
vvliilst  in  [llllIL  there  is  partial  c.ancellation  leading  to  a  flatter  well.  Comparison  b(*tween 
sinndtaneously  grown  thick  rap  (lOOj,  (lIljA,  and  (III]H  samples  reveals  significant  carriiT 
density  enhancement  for  the  (ill)  growth  without  the  need  for  extrinsic  doping;  and  this  is 
shown  to  be  a  consequence  of  the  piezo<*le<  trie  field.  Mobility  enhancement  was  also  found. 
Hole  mobilities  of  up  to  d'LUOO  cm^/Vs,  with  a  Fermi  velocity  of  2x  10*  cm/s,  were  achieved  in 
(1 1  l|A  oriented  InGaSl^/CjaSb  superlattici's  without  any  external  bias, 

In.\s/GaSb  is  an  unusual  type  II  system,  with  the  C(»ndu(lion  band  of  InAs  lying  approxi- 
inatidy  ITjO  meV  below  the  valence  band  of  GaSb.  For  sufficiently  thin  InAs  layers,  the  system 
i.s  semiconducting  (po.silive  bandgap)  For  InAs  thicknesses  in  excess  of  85  A,  the  system  is 
semimetallic  (negative  bandgap)  and  contains  holes  in  the  GaSb  and  electrons  in  the  InAs 
layers,  riie  effects  of  the  piezoelei  tri(  field  are  probeil  through  magnelolransport  and  infra  red 
studies  in  both  th<‘  semimetallic  and  the  semiroiidurliiig  regimes,  respectively. 

rii<’  carrier  <li‘nsitirs  are  foninl  to  be  higlu*!  in  |Ill|  samples  over  their  |100]  counterparts. 
I  he  absorpfimi  roeflit  :ent,  a,  of  [1  1  1)  orieiite<l  InAs/GaSb  superlattices  was  also  found  to  be 
signifirantly  eriharrce<l  ((Rnf>are<]  lo  |100)  equivalents.  'Die  change  i.s  attributed  to  increased 
ovf'ilaj)  between  the  elet  froiis  arnl  holes  wavefum  ti<uis  rather  than  to  a  reduced  bandgap  (thi* 
St<irk  shift  IS  estimated  to  be  of  order  10  nu'V  for  a  200  A  period).  For  examjile,  at  about  0,8 
eV,  o  is  fuinui  to  increase  frenn  2'10()  cirr'  in  (100)  lo  DOO  cm”'  in  (Illj-  d  hi.s  c onsidrTable 
enliaiM  c  iiM-nt  givc's  potential  s« ope  for  pi<’Zo<’!eet rn  based  structures  for  the  fabrication  of  long 
wavr-lengl  h  dc  tec  tors 
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Interband  and  Intersubband  Transitions  in  InAs  Doping 
Superlattices  Studied  by  Absorption  and 
Photoconductivity  S^ctroscopies. 

C  C  Phillips,  Ft  H  Thomas  and  H  L  Vaghjiani,  Physics  Dept.,  Imperial  Collage,  London,  SW7 
2AZ,  UK. 

I T  Ferguson  and  A  Norman,  Interdisciplinary  Research  Centre  lor  Semiconductor  Materials, 
Imperial  College,  London,  SW72AZ. 


Doping  superlattices  ('nipi'  stiuctures)  In  narrow  gap  binaries  are  of  particular  interest 
because  tbey  offer  the  possibility  of  reducing  the  effective  lundgap  to  allow  cooled  detector 
operation  in  the  3-5pm  and  10-I4pm  atmospheric  windows  Here  we  report  the  results  ot 
a  stu^  of  a  range  of  nipi  structures  grown,  for  the  first  time,  In  InAs.  Pronounced  bandgap 
loweririg  and  dramatically  increased  minority  carrier  lifetimes  are  found  in  MBE  epilayers 
grown  on  IR  transparent  GaAs  substrates. 

Usra  an  overall  nipi  periodicity  of  SOnm  with  n-  and  p-  sheet  dopant  concentrations  of  -  3  x 
10'‘ cm'^  produced  a  fractional  change  in  effective  barxtgap,  A^/Eq,  ot  25%.  This  has 
resulted  in  photoconductive  detector  structures  with  usable  sensitivities  out  to  X»4.0pm 
(compared  with  the  X=2.98pm  low  temperature  cutoff  of  bulk  InAs  detectors),  and  tuneable 
minority  carrier  lifetimes  of  up  400psec  were  measured  at  tSK. 

Experimental  absorption  and  photoconductivity  spectra  were  modelled  with  a  detailed 
bandstiucture  calculation  which  allows  for  the  pronounced  mn-parabolicity  effects  in  these 
structures  and  enables  effective  detector  design  using  optical  constant  data  measured  in 
undoped  test  layers^.  The  measured  nipi  absorption  spectra  are  consistent  with  oscillator 
stren^h  sum  niles  governing  the  modifications  to  the  JDOS  spectnim  introduced  by  the 
perturbing  nipi  potential  on  the  bandedge  states.  Etalon  effects  arising  from  the  dielectric 
mismatch  with  the  GaAs  substrate  are  used  to  provide  extremely  accurate  MBE  growth  rate 
calibrations. 

We  have  also  studied,  tor  the  first  time  in  this  material,  asymmetric  nipis  (a-nipi’s)  in  which  the 
n  dopant  sheet  concentration  exceeds  that  in  the  p-layers,  producing  occupied  i=0  subbands 
and  allowtng  the  i=0->f  intersubbarxl  transition  energies  to  be  observed  in  a  15K  waveguide 
subband  absorption  measurement.  Impurity  disorder  broadening  has  only  a  second  order 
effect  here,  and  narrow  («24meV  wide)  transitions  were  seen  at  energies  in  good  agreement 
with  our  depolarisation  shitted  self-consistent  subband  energy  model. 

Intriguingly,  evidence  tor  transitions  at  these  intersubband  energies  is  also  seen  in  the  normal 
incidence  transmission  spectra  although  this  is  formally  toibidden  by  the  dipole  selection  rules 
in  this  geometry.  Possible  explanations  for  this  effect  and  potential  device  applications  will  be 
discussed. 


References 


1)  C  C  Hodge  et  al  Semicond  Sci  and  Tech  5,  s3t9-322  (1990) 

2)  C  C  Phillips  App  Phys  Lett  §6,(2),  151-153  (1990) 

3)  S  N  P  Smith  et  al.  accepted  tor  Semicond  Sci  and  Tech. 


66 


i 


) 


11.3 

G.Bougnot*,  J.P.R.David',  A.Giani*,  S.K.Haywood*,  G.Hill*,  A.  Krier^ 
F.Mansoor*,  NJ.Mason*  RJ.Nicholas*  F.Pascal-Delannoy’,  M.Pate^', 
UPonnampalam*,  PJ. Walker* 

•  University  of  Montpellier;  *  University  of  Sheffield; 

*  University  College  London;  *  University  of  Lancaster;  *  University  of  Oxford; 

The  growth  and  fabrication  of  new  antimony  containing  111-V  heterostructiires  for 
devices  in  the  2  -  4  um  region 

The  2  -  4  pm  wavelength  range  is  very  important  from  both  a  military  and  an 
environmental  perspective.  The  growth,  by  MOVPE,  of  a  range  of  antimonide 
based  materials  systems  suitable  for  providing  devices  responsive  to  this 
wavelength  range  is  reported.  Photodetectors  with  external  quantum  efficiencies 
of  60%  at  2.5  and  2.2  pm  have  been  fabricated  from  InGaSb  containing  an  n-p 
junction.  The  use  of  various  superlattice,  ramp  and  step  buffer  layers  to  minimise 
the  effect  of  the  mismatch  between  the  GaSb  substrate  and  the  layer  will  be 
presented  along  with  I/V  and  C/V  characteristics. 

In  order  to  examine  the  possibility  of  tuning  the  wavelength  of  emission  or 
detection  by  using  strained  layer  superlattices  of  InGaSb/GaSb,  such  superlattices 
have  been  grown  in  the  depletion  region  of  a  GaSb  n-p  or  p-i-n  junction.  The 
effect  of  the  strain  within  the  wells  induced  by  varying  the  thickness  and  indium 
content  will  be  reported. 

Novel  heterostructures  have  been  grown  to  produce  devices  without  the  need  for 
conventional  doping.  Using  the  aossed  gap  alignment  of  InAs/GaSb  we  can  use 
n-lnAs  to  inject  holes  into  n-GaSb  to  form  a  diode-like  structure.  This  eliminates 
the  need  to  produce  abrupt  doping  profiles  when  fabricating  devices.  Previous 
experience  with  n-type  doping  of  GaSb  and  InAs  suggested  that  a  set-back  would 
be  useful,  to  create  a  n-i-n  structure,  and  to  prevent  excessive  n-doping  of  the 
InAs.  The  dopant  was  turned  off  and  a  nominally  undoped  GaSb  spacer  layer 
was  grown,  followed  by  the  nltiAs.  Various  set-backs  have  been  tried  and  the 
optimum  seems  to  be  200  A.  The  devices  have  ^TO  of  0.7V  [1mA],  typical 
Vn  =  -12V  [O.lmA]  and  a  best  Vr  of  -12V  jlOuA]  for  a  100  ^m  diameter  device 
with  some  evidence  of  avalanche  breakdown  in  the  structure. 

Abrupt  doping  junctions  may  also  be  avoided  by  using  a  Schottky  barrier  to 
provide  the  electric  field.  However,  stringent  processing  conditions  are  needed 
to  fabricate  Schottkys  on  n-GaSb  and  they  cannot  be  made  at  all  on  p-GaSb 
because  of  the  low  barrier  height  [0.2eVJ.  We  have  overcome  these  problems 
using  a  thin  capping  layer  of  highly  dislocated  GaAs.  Surprisingly  this  has  been 
successful  for  both  re-growth  on  older  structures  and  contiguous  in-situ  growth. 
Devices  are  either  defined  by  an  aluminium  dot  on  the  surface,  or  by  etching  a 
mesa  and  using  Ti/Au  contacts.  Both  methods  of  growth  and  of  device 
fabrication  have  been  successful.  Reverse  bias  currents  of  <  IjiA  at  voltages  up 
to  2V  have  been  obtained  from  p-GaSb  of  10'‘  cm  ’.  Avalanche  breakdown 
occurs  at  -4.5V  in  this  material  and  the  barrier  height  is  raised  to  ~0.7eV  due  to 
the  large  valence  band  offset.  Various  cap  thicknesses  have  been  investigated  and 
the  optimum  appears  to  be  200  A.  In^jGaoySb  layers  have  been  successfully 
capped  and  the  photoresponse  of  these  structures  is  being  investigated.  This  GaAs 
layer  could  also  be  used  to  passivate  a  GaSb  based  device  and  protect  it  from 
deterioration  over  a  period  of  time.  FAX  0865  272400  Dr  NJ.Mason 
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InSb  devices  are  of  interest  for  a  range  of  electronic  and  optoelectronic 
components,  including  ultra-high  frequency  transistors,  lasers  and 
photodetectors,  particularly  when  used  in  a  non-equilibrium  mode  to  attain  room 
temperature  operation.  In  all  devices,  optimisation  of  the  performance  is 
achieved  by  careful  control  of  the  electron  and  hole  densities  in  the  active 
region  of  the  structure.  In  the  cases  of  the  transistors  and  infrared  detectors  the 
carrier  densities  are  held  below  their  equilibrium  values  in  order  to  minimise 
the  leakage  current  arising  from  thermal  generation,  whilst  in  the  injection 
laser,  where  electron  and  hole  numbers  greatly  exceed  the  equilibrium  levels, 
confinement  of  the  carriers  is  necessary  to  obtain  a  small  threshold  current. 
Both  situations  require  that  diffusion  currents  from  other  regions  of  the  device 
and  from  its  contacts  are  minimised. 


In  n*{p*  InSb  diodes  (where  {  represents  near  intrinsic  n-  or  p-type),  the 
majority  of  the  leakage,  at  or  near  room  temperature,  comprises  an  electron 
diffusion  current.  This  arises  from  a  thermal  Auger  generation  process  in  the 
p*  region.  In  devices  where  the  p*  region  is  relatively  thin  (Sljxm)  electron 
injection  from  the  metal  contact  is  also  significant.  Although  both  of  these 
contributions  could  in  principle  be  reduced  by  degenerate  doping  of  the  p^ 
region,  the  necessary  acceptor  levels  are  beyond  those  which  can  be  achieved 
experimentally.  Alternatively,  the  p*^  region  could  be  replaced  by  a  wider-gap 
semiconductor,  but  no  suitable  lattice  matched  material  exists. 

In  this  paper  we  describe  the  use  of  a  thin,  strained  region  of  In,  ,Al,Sb  to  form 
a  barrier  in  the  conduction  band  to  electron  flow  from  the  p*  to  {  regions,  and 
so  reduce  the  leakage  current.  Theoretical  and  experimental  results  from 
diodes,  grown  by  molecular  beam  epitaxy,  are  presented  which  show  that  the 
zero-bias  resistance  increases  and  the  reverse-bias  leakage  current  decreases  by 
up  to  an  order  of  magnitude  as  the  proportion  of  A1  in  the  In,  ,AI,Sb  region  is 
increased  from  zero  to  20%.  Strain  relaxation,  which  was  observed  at  a 
composition  of  20%  for  a  barrier  20nm  thick,  prevents  further  reduction  in  the 
current.  The  theoretical  analysis  is  based  on  a  numerical  model  which  includes 
the  critical  factors  of  non-parabolicity  and  degeneracy.  This  model  enables 
analytic  expressions  for  the  effective  barrier  height,  the  screening  of  the  valence 
band  offset,  and  the  optimum  p*  doping  to  be  tested. 
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Exclusion  Effects  in  Semiconductors  revisited 
Narrow  Gap  Semiconductors  Nontraditional  Use 
V.K.  Malyutenko 
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Although  nearly  four  decades  have  passed  since  the  effect  of  the  minority -carrier  exclusion 
in  semiconductors  had  been  detected,  it  is  only  within  the  last  few  years  that  the  theoretical 
analysis,  supported  by  detailed  experiments  has  provided  the  real  understanding  of  this 
phenomenon  nature  and  its  practical  use. 

A  Drastic  decrease  (by  two-three  orders)  of  the  electron-hole  concentration  accompanied 
by  its  nonuniform  spatial  distribution  along  or  across  the  crystal  results  in  the  sublinear 
or  N-type  current-voltage  characteristics.  Negative  luminescence  arises  at  the  spectral  range  of 
fundamental  absorption  due  to  band-to-band  electron  transitions  modulation  (ti>  ^  Eg/h,  E,  is 
theenergy  gap).  The  thermal  emission  modulation  due  tointraband  electron  transitions  (to  SE^) 
can  be  easily  detected  as  well.  Nonlinear  recombination  suppression  influences  the  effective 
carrier  lifetime  and  noise  processes  both  in  the  crystal  volume  and  its  surface.  Such  significant 
excitation  of  electron  subsystem  has  given  life  the  new  nonorthodox  semiconductor  devices: 
light  emitting  diodes  for  IR,  radiative  coolers,  IR  light  modulators,  noise  generators,  uncooled 
photoresistors  with  significantly  improved  performance. 

In  this  review  the  experimental  and  theoretical  results  related  with  the  problem  of 
longitudinal  exclusion  (l-h  contact,  bipolar  drift  towards  the  current  lines)  and  transversal 
exclusion  (crossed  electrical  and  magnetic  fields,  bipolar  drift  across  the  current  lines)  are  being 
discussed.  The  main  impact  is  made  on  the  operation  principles  of  new  devices,  based  on  the 
narrow  gap  semiconductors.  The  possible  trends  of  future  investigaiions  and  applications  are 
also  discussed. 
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12.1 

Quantum  Well  Infrared  PiMtodetectors 

B.  F.  Levine 
AT&T  Bell  Laboratories 
Murray  Hill.  NJ  07974 

There  has  been  a  lot  of  interest  recently  in  the  detection  of  long  wavelength 
(X  =  7-I9  tun)  as  well  as  midwave  (3-S  |un)  infrared  radiation  using  multiple  quantum 
wells,  due  to  the  fact  that  these  quantum  well  infrared  photodetectors  (QWIPs)  can  be 
fabricated  using  the  mature  III-V  materials  growth  and  processing  technologies.  This 
superior  materials  control  results  in  high  uniformity  and  has  thus  allowed  the 
demonstration  of  large  128x128  staring  arrays  with  excellent  imaging  performance. 

We  will  discuss  the  physics  of  the  intersubband  absorption,  quantum  well  escape 
probability,  noise  and  the  hot  electron  and  hole  transport  and  recapture  p.roce$ses  in 
GaAs/AI,Gai-,As  as  well  as  other  Ili-V  materials.  The  high  detectivities,  D*,  and  low 
noise  equivalent  temperature  differences,  NEAT,  leading  to  excellent  infrared  video 
imaging  will  also  be  discussed. 
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12.2 


Intri  national  Confrrrnce  on  Narrow  Oop  SrunconAuclort 
(July  11*  lyyi/,  I'nivt'rsily  of  Soul liampUm.  liK^ 

C'lirrptit  Cnndiiriion  in  noiind-to-Minihaii<l  Transition 
IIJ-V  Mnltiqnantnm  W#*!!  Infrared  Detectors' 

Shcng  S  l.i.  M.  Y  Chuaiig,  and  S  S.  Vu 
Oopartmcijf  of  Ktcrtncal  Kiigiiiocring 
Untvcrsity  of  Florida 
(.iauiosvilit'.  Kl.  32611 
U  S  A 

Abstract 


VVc  report  a  stu<ly  of  tho  current  conductiou  luccliauisius  in  two  new  types  of  11 1  V  luiih  hpi.iii 
turn  well  (MQVV)  /superlatt ice  (Sl^)  long  wavelength  iiifrared  (diolodeioctor*  (lAVU*  s)  I'.ised 
on  the  hoiin<l-tf>-tinniban*l  (HTM)  haml  and  step  honnd-tiwininihand  (SB'IM)  t  ransit  m in  nnd 
resonant  tunneling  inechanisiiis  The  H  I  M  lAVIP's  consists  of  a  40- period  offtaAs  iiuaiiium 
wells  With  a  well  wnith  of  88  A  and  a  dopant  density  of  2  0  x  lO’**  <;m”  '  The  harrier  layer 
on  each  side  of  the  (juantutn  well  consists  of  a  5-  period  of  iindoped  Alo  4t.»aos  As  (58  A  )  /(.hi As 
(29  A)  superlattice  layers  which  were  grown  alternatively  with  the  f.iaAs  ipiantuni  wi  lls  Vhe 
SB'l'M  lAVlP  uses  a  lightly  strained  lii0-U7(.hV)'j»As  (106  A)  <pianluiii  well  wjtli  a  5  penod 
of  undoped  GaAs/ Alu  iOaafiAs  superlaltice  harrier  layer  sfrnelnre  J/jcorporaljnn  i>f  a  short 
period  sufierlattice  harrier  layer  in  tiolh  the  HIM  aiul  bHTM  lAVIH's  enhances  (lie  pniential 
barrier  height  in  the  quantum  well  which  results  in  a  significant  reduction  of  the  dark  current 
over  the  conventional  GaAs/AK.iaAs  MQW  lAVIP's 

I  heoretjcal  calculations  of  the  dark  furrent  and  the  transmission  coellicienl  througli  the  global 
miniband  formed  inside  the  quantum  well/superlattice  harrier  layers  have  been  carried  out  as 
a  function  of  temperature  and  bias  vullage  for  both  H'TM  and  SH  I  M  lAVIP's  The  results 
reveal  that  dark  current  in  these  lAVIH's  is  dominated  by  the  ihermionicaliy  assisted  tunnel 
mg  conduction  from  the  fieavily  populated  ground  stales  in  the  quantum  wells  via  the  global 
miniband  inside  the  quantum  wells/siiperlattice  barrier  layers  for  r>  60  K,  whereiis  resonant 
tunneling  conduction  prevails  for  V  <  40  K  'I'he  thermionic  emission  into  the  contumum  liatuK 
K-  m*g)igd>)e  due  to  ihe  high  barrier  height  created  by  the  snprrlattice  barrier  layer  for  both 
lAVlH’s  -A  comparison  of  the  calculated  and  measured  dark  current  values  for  these  tw»)  lAVII's 
wit  h  that  of  tfir-  rofivefil  kui?»l  (.»aAs  MQW  lAVIH’s  was  also  ma<te  in  this  work 

Ihe  measured  il.irk  currents,  absorban.e  spectra,  and  spectral  responsiv it y  curves  lor  boili 
lAVIP's  were  found  III  good  agreement  with  the  ralriila*e<l  values  'Ilie  peak  dele«  ti\ity  for 
the  SH  I  M  lAVIf'  S  was  2.3  c  at  X  :=  10  'V /mi  and  T  63  K.  and  lor  the  i;  [  M 

lAVll’  s.  f)‘  was  found  equal  to  16  »  uiy/fTz/W  at  A  8  9  /nn  and  T  '  77  K 


I  hiv  work  sti|ipotlfd  by  thr  ( >rf*  osr  A<lvin<  #•«!  h  Projei  t  AgeiK  y  iinih'r  I’S  N  v  nr  am  Ni.  NOll  1  t 

'11  1  I'lTft 
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12.3 

The  absorption  linewidth  for  bound-to-extended  state 
transitions  in  GaAs/AIGaAs  quantum  wells  in 
dependence  on  the  excited  level  position 

U.SizmaiHi,  S  L^volti 

Norwegian  l(t‘sear<h  KstabiUhiiifni.  I)i\  for  Kl<‘< tronics 

IVO.Hux  25.  N  ‘JtMlT  Kj«1I«t.  N»>rway 

A  Pauls«‘ii 

Norwegian  It'lt'tum  ({»*M‘arfh,  P.O  Box  N  2<MI7  Norway 

Kltct rolls,  wliith  arr  lmun<l  in  ihi*  groiiinl  stat«*  siilibdini  of  a  (|uantuMi  well,  are 
|>fiu(oioni/t‘(i  by  it  ing  t  Ikmii  to  (‘xteinletl  ^tat<>s  abovt*  ( be  <  ontiiiclion  band  edgt* 
of  the  Itarrier  niateri<il  Beeau.se  sn<  h  Ijoiiinl  to  exleinied  stale  ex<  itation  proc  es.ses 
are  proinising  to  use  for  infrared  dt-tet  tioii  in  (Ia5s/.\!(Ia.\s  tpianlum  well  devices, 
they  are  intensively  investigated  in  ret  ent  publi<  atUHis*  ^ 

Here  wt'  study  the  absorption  line  witlth  for  siitfi  kind  of  transitions  ihtxjreli 
<  all)  and  experiiuentally  in  tiependence  on  the  energy  pt>sitn>n  of  the  excited  state 
i  1  abtive  the  t  tmtiuum  etlge  of  the  wt  ll  K(  .  Due  tt>  the  interat  t itiji  of  the  excited 
slate  with  the  mnijijuuni  stales  the  level  is  not  tlist T<*te  like  in  the  rase  of  a  bound 
'•late,  but  broadeiH'd,  Mils  intrinsic  liroadening  in<  r«‘ase.s  with  increasing  energy 
ditference  K, 

V\<‘  st u<iv  this  <'ffe<  I  b)  p<'rforniing  opti<  al  transit li.ssion  expert iixMits  in  innlt i  cpian 
luiii  well  slim  t  iir<*s.  w  hi<  h  are  n  type  dop<‘<i  in  t be  well.  I'or  <pianl uni  widls  with  an 
e\<  lied  stale  slightly  above  tin*  (outiniiufn  edg<*  w<*  get  a  gooii  agreement  between 
th«‘  calculated  line  sha[>e  atid  the  absorption  data. 

In  (onirast  Iti  this  w<'  observe  for  samples  with  a  restniant  level  ss  dOni<  I  aliove 
K,  a  biH'  w'idt  li  appr«iximately  half  as  large  as  the  calc  ulateil  tine.  We  assume  that 
the  narniwing  of  tlie  ab.sorption  linewi<illi  cofiipar<'d  to  intrinsic  broaiiiumig  of  the 
level  is  due  to  an  ex<  itionii  interailion  of  th«‘  photoioiiized  electron  with  the  pos¬ 
it  iv»'  cliarged  donor  m  the  (jiiantum  well.  We  investigate  this  effect  by  measuring 
the  absorfition  m  di  pendence  on  an  applied  bias  voltage. 


UefereiH  e.s: 

1  B  f  I-evin«’.(  ’  ( I  B«  t ;.ea.(  1  Ilasnaln.V  ().Shrn,K.I\*!ve,  H  K .  Allot t  and  S.J.IIsieh, 
.A  ppl  IMi\ (.et  I 56.  ?S5I, 

■J  I  Hiisnn  her. |-  Martinet. 11. u<  . I'll. Bois  and  K  Iba  keiihoff,  .\ppi.l'hys.l-ett.,59. 
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12.4 

Increased  Responsivity  and  Detectivity  in 
Asymmetric  Quantum  Well  Infrared  Detectors 

A.  Fraenkel,  E.  Finkman,  G.  Bahir,  and  A.  Brandel 
Depanment  of  Electrical  Engineering  and  Solid  State  Instinite 
Technion  -  Israel  Institute  of  Technology,  Haifa  32000.  Israel 

G.  Livescu,  and  M.T.  Asom 
AT4T  Bell  Laboratories.  BieinigsvilJe.  PA  18031,  USA. 

Quantum  well  infrared  detectors  received  an  increasing  interest  during  the  last  few  years.  Their 
performance,  however,  is  far  from  being  optimized.  One  of  the  basic  parameters  which  was  studied 
very  little  is  the  dependence  of  the  device  properties  on  the  well  shape.  A  study  of  a  new  version  of 
asymmetric  stepped  GaAs/AlGaAs  multi  quantum  well  infrared  detectors  is  reported.  These  asymmetric 
detectors  utilize  the  usual  bound  to  continuum  transition.  However,  their  current  responsivity  is 
remarkably  asymmetric  with  regard  to  the  voltage  polarity.  In  contrast  with  rectangular  wells,  in  which 
responsivity  saturation  is  reached  in  both  bias  polarities,  these  wells  exhibit  saturadon  only  for  negadve 
bias.  In  posidve  bias  the  responsivity  continues  to  increase  with  increasing  electric  field.  The 
responsivity  does  not  depend  on  temperature.  Dark  current  and  noise  also  depend  on  bias  polarity,  but 
the  difference  between  polarides  is  decreasing  with  decreasing  temperature.  As  a  result,  the  optimum 
operation  voltage,  with  highest  signal  to  noise  rario,  is  increased  for  positive  bias  at  low  temperatures, 
but  suys  almost  constant  for  negative  one.  The  highest  D'  in  positive  polarity  is  much  higher  than  in 
the  negative  one. 

In  order  to  explain  these  results  we  present  a  model  for  the  transport  properties  of  the  excited 
electrons  in  the  continuum.  The  key  parameter  in  this  model  is  the  dwell  time  spent  by  the  carrier  wave 
packet  in  the  well  region,  which  is  strongly  bias  dependent.  Employing  this  model,  we  achieve  a  very 
good  fit  to  the  experimental  data. 


Vbias  [volts] 
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12.5 

Stimulated  Emission  due  to  Magnetoelectric>Pboto  Effect  in  Narrow-Gap 

Semiconductors  at  the  Quantum  Limit 

T.  Morimoto  *,  M.  Chiba*.  G.  Kido*  and  A.  Tanaka* 

’  Institute  of  Atomic  Energy,  Kyoto  University,  Upi,  Kyoto  61 1,  Japan 
'  Institute  of  Materials  Research,  Toh(^  University,  &ndai  980,  Japan 
*  Electronics  Materials  Laboratory,  Sumitomo  Metal  Mining  Co.  Ltd., 

Ohme,  Tokyo  198,  Japan 

We  have  revealed  the  quantum  aspects  of  the  stimulated  emission  from  bulk  InSb  at  the 
quannim  limit,  being  excited  by  the  electric  field  E^  induced  by  passing  a  current  density  J(llx) 

through  the  sample  subjected  to  a  transverse  magnetic  field  H(llz).  The  phenomenon  has  been 
demonstrated  to  be  a  useful  tool  for  the  determination  of  the  band  parameters  such  as  the  energy 
gap  e,,  the  electrons  effective  mass  m*  and  the  effective  g-factor  g„  in  addition  to  the  application 
as  a  tunable  infrared  laser  1 1 J. 


The  peak  frequencies,  (ii,,  of  the  strongest  emissions  observed  at  the  quantum  limit  can 
be  expressed  as 


flai.  =  e,  +  ifto.|l±^]+iflo),^,-|e|E;j*  .  (1) 

with  E^  -JH/n*lelc.  Here  oic  and  (0^3,  t  are  the  cyclotron  hequencies  of  electrons  and  heavy  holes, 
respectively,  n*  is  the  effective  electron  concentration,  and  /*  is  the  mean  fiee  path  of  the  lucky 
electrons  drifting  along-y  direction  without  suffering  severe  damping  until  the  annihilation  by 
recombination. 

When  the  inverted  population  is  realized  by  the  J  x  H  force  excitation  at  the  quantum 
limit  the  gain  g((0,  H)  of  the  stimulated  emission  can  be  written  as 

g«u.H)  =  A^E(fto)-£^J-“  .  (2) 

with  Aoit  =  Eg.t,  so  that  it  diverges  to  infinity  at  the  frequencies  oi = 04  as  -r  <».  This  singularity 
makes  it  possible  to  cause  the  stimulated  emission  at  such  an  extremely  low  value  of  the  critical 
current  density  J^  as  16-40  A/cm*,  for  example  being  observed  in  InSb  at  80K  for  H  =  7T. 

We  shall  tepon  the  latest  measurements  of  the  stimulated  emission  of  InSb  in  a  magnetic 
field  extended  up  to  23T  together  with  the  experiments  for  Hg,.,Cd,Te,  and  discuss  the  quantum 
nature  of  the  emission  with  the  application  to  the  band  parameter  determination  particularly  at 
room  temperature. 

[1]  T.  Morimoto  and  M.  Chiba,  Proc.  20th  Int  Conf.  Physics  of  Semiconductors  (1990) 
p.l847;  J.  Phys.  Soc.  Jpn.  60,  2446  (1991). 
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.Ai  VAN'.MA  r. :  .  '  :  i '!•  irrjc!/ (ljU!  )'j&Ar  tit,!  TijKtj 

M K  Si'jM  IN  I  A [’Uji-t  iiA;J,  i'tlANSDUL £HS 


■ .  A.Miro.jOv,  V.  T.  ;#ri)Henov .  V.M.K'jiiaiEintinuv 
irii'tituto  ■!:  Had lop.'iy SICS  &  fiec ironies,  Acad,  of  Sci.  of  Ukraine 
AT-acl.  ir  isKora  Si.  SiUCCc.b  KnarKfV. Ukraine  i'AX;  <V'-Ob72) --J4-)  i -Ds 


The  inSb  fiims  0,3-5  em  thick  were  p^r'own  on  semiinsuiatirvr  (UUl  ) 
ijoAs  substrates  usin^  vacuum  epitaxy  methods.  The  perfection  of  la¬ 
yers  were  determined  by  t.he  ratio  of  In  and  Sb  molecular  fluxes 

(Sb/In^l ,1-2,5)  and  by  two-stage  procedure  of  epitaxy.  During  the 
first  stage  the  tnickness  of  the  films  (d)  was  less  than  2UU  nm  and 
substrate  temperature  was  ^  35G-370'''C.  The  further  growth  (d  ■ 

■  2U0  nm)  was  carried  out  at  Tgjj^  =  3yO-4U)'''c  with  the  rate  of  2-3 
nm  per  second.  The  X-ray  rocking,  sieves  width  amounted  to  3’-6’.  The 
dislocation  density  reached  !0'-l0'^  cm''^.  To  obtain  n-type  layers 
the  latter  were  doped  with  Sn  in  the  concentration  range  of 

2  lO^'^cm'-'*.  The  Hail  measurements  were  performed  in  the  temperature 
range  1,5-400  K  in  magnetic  fields  of  up  to  6  T.  The  application  of 
methods  of  Integrated-circuit  teclinology  (vacuum  metallization  of 
local  parts  of  the  structure,  photolithography,  assembly  by  bonding, 
etc.),  made  it  possible  to  fabricate  cross-shaped  Hall  probe  struc¬ 
tures  with  dimensions  of  0,7  -  0,7  -  0,35  mm  and  a  sensitive  cross 
over  region  of  50  •  20  urn.  The  optimum  electron  concentration  and 

mobility  were  7  lo''^-  to''^  cm'^  and  < 1 ,5-2,0)  iC^  cm^/V  sec,  respec¬ 
tively. At  the  nominal  .Derating  current  of  100  mA  the  sensitivity  of 
tne  irtinsducers  was  5U-l6i)  .jV/mT,  the  residual  voltage  was  5-lOU 
the  divergence  of  Hail  voltage  was  0.04-0.06  %,  the  nonlinearity 
factor  was  0,3 -3,0  %,  and  the  input  resistance  was  2,0-200  o.  The 
high  degree  of  uoping  o'f  the  films  resulted  in  low  values  of  the 

temperature  sensitivity  factor  (0.005  0.05  %  K" ' )  and  a  temperature 

resistance  coefficient  (d).C)9  %  deg“').  The  Shubnikov  de  Haas  oset  i 
lations  in  both  the  Hall  siftpal  and  in  the  tranverse  magrie  tores  is 
taiiCe  were  meai-rared  at  helium  temperature"  !  ,5  K  i  T  s  15  K  by  ri>' 
mper.sati'n  Technique.  The  amplitude  of  the  Hail  voltage  oscillati 
fins  at  5  6  T  was  a  few  nundiedths  of  a  per  cent  of  the  total  Hai  i 
vi.ltfi^j-p.  Which  IS  an  order  of  magniiude  smaller  than  that  of  th*'. 
ouantiim  'Scil  iatims  inherent  to  bulk  I.nillj  with  comparable  electri¬ 
cal  par  am  tern.  This  is  due  to  the  features  of  the  InSb  higfi  dislo 

•■ation  dr-nsity  in  the  film  ('-10  cm  ). which  results  in  an  effective 
r.'.r-.Thormal  brciartpning  of  the  Inndau  levels  without  violating  a  line 
arity  f  Hail  v.;ltage.  Using  these  transducers  one  can  control  the 
paiTimetors  .'f  magnetic  material  including  higli-T,.  superconduettu s  in 

temperature  range  i ,5  JUU  K  and  in  magnetic  fields  up  to  25  T. 
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III-V  MAGNETIC  SENSORS 
J.  Heremans 

General  Motors  Research  Laboratories 
30500  Mound  Road,  Warren,  MI  48084-9055,  USA 

Narrow-gap  seaiconductors  have  been  used  for  decades  in  the 
fabrication  of  magnetic  field  sensors,  such  as  magnetoresistors  and 
Hall  sensors.  Magnetic  field  sensors  are,  in  turn,  used  in 
conjunction  with  permanent  magnets  to  male  contactless  potentiometers 
and  rotary  encoders.  This  sensing  technology  offers  the  most  reliable 
way  to  convert  a  mechanical  movement  into  an  electrical  signal.  With 
the  proliferation  of  microprocessors,  magnetic  sensing  technology  is 
widespread  in  automotive  applications,  such  as  spark  timing.  Most 
current  applications  use  Si  Hall  sensors  integrated  with  amplifiers. 

Recent  developments  in  the  growth  of  thin  epitaxial  layers  of  InAs 
and  InSb  on  semi-insulating  GaAs  or  InP  substrates  have  resulted  in 
the  development  of  magnetoresistors  with  excellent  sensitivity  and 
operating  temperatures  up  to  2SS°C.  Magnetoresistors  and,  to  a  lesser 
degree,  Hall  sensors,  require  a  very  thin  active  semiconductor  region, 
a  high  carrier  density,  and  a  high  room  temperature  mobility.  The 
best  materials  are  narrow-gap  III-V  compounds.  2-DEG  layers  in  InSb 
and  InAs  would  be  ideally  suited  for  these  devices.  The  accumulation 
layer  at  the  surface  of  InAs  has  been  used  to  make  magnetoresistors 
[1] ,  and  so  have  n-type  doped  thin  InSb  films  [2] .  InSb-based 
magnetoresistors  outperform  Si-based  Hall  sensors,  even  with 
integrated  amplification. 

The  talk  will  describe  device  design  criteria,  materials 
requirements,  and  a  direct  comparison  of  the  three  type  of 
galvanomagnetic  devices,  magnetoresistors.  Hall  sensors  and 

magnetotransistors,  made  from  the  same  material,  an  InAs  film  with  a 

12  -2 

strong  accumulation  layer  of  6x10  cm  It  will  also  contain 

comparisons  of  the  characteristics  of  different  magnetic  field  sensing 
technologies,  such  as  Si  and  GaAs  Hall  sensors,  and  Permalloy-type 
magnetoresistors,  with  those  of  narrow-gap  Ill-V-based  sensors. 

[1]  J.  Heremans,  D.L.  Partin,  D.T.  Morelli,  B.K.  Puller  and  C.M. 
Thrush,  Appl.  Phys.  Lett.  57,  291  (1990) 

[2]  D.L.  Partin,  J.  Heremans,  C.M.  Thrush  and  L.  Green,  1992  Solid- 
State  Sensor  and  Actuator  Workshop,  Hilton  Bead  Island,  SC  (1992) 
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"Hot  electron  and  subband  far  infrared  detectors" 


E.  Gornik 

Walter  Schottky  Institut 
TU  MiitJchen,  D-8046  Garching 


A  review  on  the  present  state  of  the  art  of  hot  electron  detector?  for  the  far 
infrared  spectra;  range  is  given.  A  significant  improvement  in  the  per.ormance  of 
n-type  InSb  detectors  was  achieved  by  passivating  the  surface  and  avoiding  surface 
state  recombination.  The  responsivity  of  passivated  detectors  mounted  on  brass  or 
steel  is  increased  by  two  orders  of  magnitude.  The  spectral  range  in  the  cyclotron 
mode  is  extended  from  .0  cm"*  to  400  cm"’  with  magnetic  fields  up  to  8T. 

In  specially  designed  GaAs  heterostructures  a  tunable  single  line  photoconductive 
response  in  the  magnetic  field  with  a  linewidth  of  0.1  cm"’  is  demonstrated.  This 
detector  represents  a  h  gh  resolution  spectrometer  in  a  wide  frequency  range. 

The  potential  for  wave  length  selective  quantum  well  detectors  in  the  infrared 
and  far  infrared  is  discussed.  A  double  wavelength  selective  detector  with  high 
resolution  based  on  CaAs/GaAIAs  quantum  wells  is  demonstrated.  Using  surface 
plasn.on  in  coupling  techniques  for  normal  incident  light  a  very  high 
responsivity  (2.2  A/W)  is  achieved. 
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Superconducting  Structures  on  Narrow  Gap  Semiconductors 

Hideaki  Takayanagi,  Tatsushi  Akazaki  and  Junsaku  Nina 
N'lT  Basic  Reseracli  l.aboratories,  Musashino- Shi,  Tokyo  180  Japan 

Semiconductor-coupled  superconducting  devices  have  recently  attracted  much  interest  as  a  so- 
called  superconducting  transistor  j  1 1.  Since  the  superconducting  characteristics  of  these  devices 
strongly  depend  on  the  induced  pair  potential  An  of  the  semiconductor  side  at  the  super¬ 
conductor/semiconductor  interface,  it  is  very  important  to  know  the  semiconductor  carrier 
concentratiuon  n  dependence  of  An  at  the  interface.  A  Nb/n-type  InAs/Nb  junction  with  oxide- 
free  interfaces  is  very  suitable  for  this  study,  because  n-iype  IiiAs  has  no  Schottky  barrier.  We 
have  fabricated  such  NtVlnAs/Nb  junctions  and  have  obtained  the  n  -dependence  of  An. 

A  schematic  cross-sectional  view  of  the  fabricated  device  is  shown  in  Fig.  1 ,  Both  the  p  type 
In  As  buffer  layer  with  a  thickness  of  1.0  pm  and  the  n  type  InAs  channel  layer  with  a  thickness 
of  0  4  pm  were  grown  by  MBE.  Subsequently,  a  Nb  film  with  a  thickness  of  0.1  pm  was 
deposited  without  breaking  vacuum.  A  TEM  observation  showed  that  there  was  no  oxide  layer 
at  the  interface  and  that  the  Nb  film  grew  as  a  single  crystalline  deposit  under  a  substrate 
temperature  condition  (2|. 

According  to  the  superconducting  proximity  effect  theory,  in  the  Superconductor 
/Semiconductor/Superconductor  junction,  the  maximun  supercurrent  density  is  given  as  (31, 

,/r  «  np  Am  exp(-£./^M)  /s.v  ,  ( I  1 

where  p  is  the  mobility  of  the  semiconductor,  L  is  the  length  between  two  superconducting 
electrodes  (see  Fig.l),  and  is  the  coherence  length  of  the  semiconductor  given  as 
(hD/2rtkfl7')'/2  where  U  is  the  diffusion  constant.  We  measured  the  ./c's  of  devices  with  « 
ranging  from  4.2  x  lO'^  to  2.5  x  10'^  cm“^.  Using  the  measured  Jc,  n.  p,  and  L,  An  was 
derived  from  eq  (1).  Figure  2  shows  the  obtained  n-dcpendence  of  An  when  /,=(). 3  pm.  It  is 
show  n  that  An  has  a  weak  dependence  on  n  and  it  is  almost  constant  when  n  is  larger  than  ~ 
10’"  cm  5,  This  is  consistent  with  the  boundary  condition  proposed  by  dc  Gennes  14)  with 
some  assumptions. 


1 1 1  A  W.  Kleinsas.se.' and  W.J  Gallagher,  §9  in  Superconiluciinn  Devices,  edited  by 
.S  r. Ruggiero  and  D  A.  Rudman  (Academic  Press,  I9<X)) 

12]  T.  Akazaki,  J.  Nnta,  and  H  fakayaiiagi,  Appl.  Phys.  Lett  ,  59,  2037  (1991) 

13]  If  Takayanagi  and  K.  Kawakami,  Tech.  Digest  Irii  Elect  Devices  Meet.,  Washington 
D.C.  (198.3)98 

|4|  P.  G.  de  Gennes,  Superconductivity  of  Metals  and  Alloys  (Benjamin,  New  York,  1969) 
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APPLICATIONS  OF  NARROW  GAP  STRAINED  LAYER  SUPERLATTICES 

L.  Ralph  Dawson 
Sandia  National  Laboratories 
Albuquerque,  New  Mexico,  USA 


The  conventional  superlattice  (SL),  composed  of  alternate  layers 
of  lattice  matched  materials,  provides  structures  with  unique  optical 
and  electronic  properties  due  to  quantum  size  and  band  offset  effects. 
To  a  lesser  extent,  SI^  also  provide  some  metallurgical  advantages, 
such  as  dislocation  filtering,  likely  due  to  small  differences  In  the 
elastic  properties  of  the  different  materials.  In  contrast  to  the 
conventional  superlattice,  the  strained-layer  superlattice  (SLS)  is 
fabricated  from  thin  layers  of  materials  whose  lattice  constants  are 
significantly  different,  leading  to  nearly  uniform  strain  within  each 
layer.  The  relaxation  of  the  lattice  matching  requirement  leads  to  a 
much  broader  range  of  artificially-structured  optical  and  electronic 
properties,  due  to  the  wider  choice  of  constituent  materials  and  the 
addition  of  another  significant  variable,  the  strain.  In  addition,  the  SLS 
plays  a  much  more  active  role  than  the  SL  in  controlling  the 
metallurgical  properties  of  the  structure,  particularly  with  respect  to 
the  ability  to  adjust  the  lattice  constant  of  buffer  layers  without 
unacceptable  densities  of  threading  dislocations.  The  latter  property  is 
extremely  Important,  since  many  Interesting  device  structures  have  no 
lattice  matched  substrate  on  which  they  may  be  grown. 

This  talk  will  focus  on  the  MBE  growth  of  narrow  gap  SLSs, 
particularly  InAsSb  and  InGaSb,  with  emphasis  on  their  application  as 
materials  for  long(8-12pm)  and  mid  (2-5  nm)-wavelength  IR  detectors 
and  emitters.  Since  these  superlattices  are  not  lattice  matched  to  any 
commercially  available  substrate,  suitable  buffer  layers  are  needed.  To 
date,  growth  of  such  structures  on  InSb  substrates,  which  places  the 
SLS  under  net  tension,  usually  leads  to  cracking  of  the  epitaxial 
material,  precluding  the  fabrication  of  detector  arrays.  We  will  discuss 
steps  taken  to  mitigate  this  problem.  In  addition,  we  will  discuss  the 
growth  of  similar  structures  on  GaSb  and  InAs  substrates,  which  places 
the  SLS  in  net  compression  and  eliminates  the  cracking  problem,  but 
requires  a  much  larger  mismatch  between  SLS  and  substrate.  A  key 
factor  in  the  successful  growth  of  these  structures  Is  the  use  of  the 
InAlSb/AlSb  SLS  as  a  digital  alloy  buffer.  Nearly  dislocation- free  buffers 
with  lattice  mismatch  in  excess  of  2%  can  be  achieved  In  this  manner. 
These  techniques  may  have  strong  implications  for  the  growth  of 
other  materials  whose  lattice  constants  are  substantially  different  from 
that  of  any  available  substrate  materials. 
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Review  on  n-i-p-i  Structures 

Joscl'Oswald,  liisiiiul  fiir  Physik,  Monlanunivcrsiliii  Lcobcn,  Austria 

The  concept  of  n-i-p-i  structures,  based  on  a  system  of  alter  natively  n-and  p-  doped  or  d-doped 
layers,  is  not  limited  only  to  the  realization  of  a  periodic  band  edge  modulation.  As  shown  for 
the  ease  of  PbTe  p-i-n-i-p  structures,  a  system  of  p-n-p-n-p...  doped  layers  can  also  be  used  to 
design  arbitrary  potential  shapes. 

There  is  a  long  trad  it  ion  of  investigating  n-i-p-i  structures  in  both,  narrow  gap  (c.g.  PbTe,  InSb) 
and  wide  gap  (e.g.  GaAs,  InP,  Si)  semiconductors.  Their  major  features,  expected  froiii  the 
n-i-p-i  concept,  are  common  to  all  types  of  semiconductors. 

However,  the  experimental  conditions  to  observe  all  these  effects  vary  over  a  wide  range 
dependingon  the  parameters  of  the  bulk  materials  and  the  technological  limits.  Therefore  the 
topics  concerning  2D-conrincrrtenl,  tunneling,  transport  by  use  of  selective  eoniaets,  excess 
carrier  lifetime  and  detector  application  will  be  discussed  in  terms  of  a  comparison  of  different 
hulk  materials.  Mainly  GaAs  will  be  used  as  representative  for  a  wide  gap  and  PbTe  for  a  small 
gap  system.  Due  to  the  high  dielectric  constant  of  PbTe  (ts~  5t)()...l(K)0)  the  thickness  of  the 
potential  wells  resulting  at  moderate  doping  levels  (Na.  Nd=  1...3xll)'\'m''^)  is  too  large  to 
allow  tunneling  phenomena  to  be  observed.  Therefore  single  period  structures,  consisting  of 
p-n-p  layers,  are  sufficient  to  study  all  relevant  effects  in  PbTe.  It  is  shown,  that  selective 
atniacts  to  n-lype  channels  in  PbTe  structures  can  easily  be  made.  Due  to  the  small  battier 
height,  the  leakage  of  the  selective  contacts  has  to  be  taken  into  account  for  the  interpretation 
of  the  conductivity  experiments.  This  disadvantage,  on  the  other  hand,  can  be  exploited  lor  a 
new  photo  conductivity  mechanism  which  enhances  the  photoconductive  response  by  orders 
of  magnitude  above  the  contribution  of  the  photo  gene  rated  carriers  themselves.  The  potential 
modulation  is  very  sensitive  to  screening  by  excess  free  carriers,  which  in  turn  eontrolls  the 
excess  carrier  lifetime.  This  builds  up  an  efficient  feed  back  loop.  All  the  observed  trends  of 
photo  Hall  experiments  as  well  as  the  results  of  time  dependent  and  steady  slate  photocon- 
duclivityexperimenlscan  he  modelled  successfully  takingslatie and  dynamicscreeningeffects 
into  account.  The  sensitivity  of  the  potential  modulation  to  the  number  of  excess  carriers 
determines  also  the  l-V-characteristic  of  the  selectively  contacted  n-channel  in  a  p-n-p-siruc- 
lure.  The  built  in  voltage  drop  can  produce  some  kind  of  pinch  off  and  leads  to  a  well  formed 
plateau  in  the  l-V-curvc  which  changes  drastically  with  illumination.  It  is  shown  that  interdif¬ 
fusion  of  Indium  into  the  p-n-p-strueture  near  the  In-contact  is  of  major  importance  for  the 
succe.sslul  niodelling  of  the  1-V-curvcs.  This  interdiffusion  also  explains  the  high  voltages  (up 
to  10  Volts)  the  selective  contacts  can  with.stand.  Another  phenomenon,  related  to  the 
screening  effect  is  the  drastic  enhancement  of  the  ambipolar  diffusion  of  locally  generated 
non-equilibrium  electron  hole  pairs.  The  local  change  of  the  carrier  density  changes  locally 
the  potential  modulation  and  carrier  diffusion  is  driven  by  the  strong  electric  field  which  is 
built  up  in  lateral  direction.  This  effect,  first  systematically  demonstrated  by  Dtihler  in  GaAs 
p-n-p  structures,  also  plays  an  important  role  in  PbTe  structures  and  makes,  as  will  be  shown, 
the  n-i-p-i  concept  attractive  for  novel  infrared  detector  applications. 
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MCT  versus  Quantum  well  structures  for  IR  Detectors 


S.C.  Shen 

i;  Center  for  Condensed  Matter  and  Radiation  Physics 
CCAST  (World  Laboratory)  P.O.Box  8730,  Beijing,  China 

2) National  Lab  for  Infrared  Physics 

Chinese  Academy  of  Sciences,  Zhong  Shan  Bei  Yi  Road  #420 
Shanghai  200083,  China 

The  Mercury  Cadmium  Telluride  (Hg j_jjCdyTe)  mixed  crystal  has 
been  developed  as  a  superior  infrared  detector  material  for  more 
than  two  decades.  From  fundamental  consideration,  the  HgCdTe 
provides  the  highest  detectivity  D*  for  the  detectors  applica¬ 
tions  and  can  be  modulated  to  fit  all  important  wavelength 
regions  of  1—3  f^m,  3—5  #im,  and  8  —  14  pm  simply  by  adjusting  the 
composition  x.  The  material  and  detector  technology  has  been 
developed  guite  well  for  the  wide  use  of  the  mixed  alloy. 
Nevertheless  this  material  also  suffers  from  some  fundamental 
difficulties,  such  as  large  tunneling  dark  currents,  and  the  fast 
Auger  recombination  rates,  especially  for  making  high-performance 
array  responding  to  longer  wavelength  (  8-14  pm) . 

Rapid  progress  has  been  made  in  last  few  years  for  the  inves¬ 
tigation  and  development  of  the  quantum  well  infrared  photodetec¬ 
tors  (QWIP) .  Quite  a  ‘lot  of  approaches  and  structures  have  demon¬ 
strated  the  great  potential  for  the  practical  use  of  the  QWIP, 
especially  for  making  large  arrays.  The  advantages  of  the  quantum 
well  materials  against  HgCdTe  in  uniformity,  controllability  and 
yield  are  clear,  and  the  shortcomings  of  the  materials  have  also 
been  improved  a  lot  in  last  few  years,  while  they  are  still 
inferior,  in  point  of  view  of  detectivity  D  ,  to  HgCdTe. 

A  comprehensive  discussion  will  be  made  in  this  report,  and 
the  competition  and  comparison  between  the  two  material  systems 
are  expected  to  be  lasted  for  a  long  period. 
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iiO'/EL  (lAPljiljij  COi.-POUiiDLi ,  ^lACiiliTIOLi :  CuFoti2  CIuFeTOg 

L.Y.  Kradinova,  A.f.'..  Polubotko,  V.V,  Popov,  V.D.  Prochuklian, 
Yu.V.  Hud,  V.E.  okoriukin 

Physico-Technical  Institute  Russia  Academy  of  Sciences,  Po- 
litekhnicheskaya  26,  194021  Sankt  Petersburg,  Russia 

Tlie  nonmagnetic  gapless  compounds  such  as  oL  -Sn,  HgTe, 
HgSe,  and  HgS  v/ere  known  for  a  long  time.  IVe  have  investi¬ 
gated  the  temperature  dependences  of  the  Hall  coefficient 
R(T),  specific  conductivity  6  (T),  and  electron  concentra¬ 
tion  n(T)  in  monocrystalls  CuFeSp  and  CuFeTep-  The  measure¬ 
ments  point  out  the  power  character  of  these  values.  For 
the  compound  CuPeS-,  R{T),  Q  (T),  and  n{T)  are  proportional 
to  T*^,  where  k=-3  5ror  R(T)  and  k=3  for  6  (T)  and  n(T)  in 
the  tempei'uture  range  1.5  <T  <  20K.  For  T  >  20K  these 
values  are  propotional  to  too  but  with  k=-3/2  for  R(T) 
and  k=3/2  for  and  n(T).  The  electron  mobility  is 

small  ju  1  cn^V“'s“'  and  is  practically  independent  on  tem¬ 
perature.  For  the  compound  CuFeTep  these  values  are  propor¬ 
tional  to  too  with  k=-1.9  for  K(T),  k=1.9  for  n{T)  and 
k=1.15  for  6  (Tl.  The  electron  mobility  is  also  small  and 
changes  asjiy  ~  ^ .  The  power  dependences  of  R(T)  ,  6"  (T)^ 

and  n(T)  are  characteristic  for  gapless  semiconductors. 
Therefore  we  have  concluded,  that  both  substances  refer  to 
the  gapless  compounds.  The  small  temperature  independent 
mobility  is  characteristic  for  the  ferron  (magnetopolaron) 
character  of  transfer  ivith  the  ferrons  of  a  large  radius  [[l]  . 
The  observed  mobility  dependence  for  CuFeTe2  is 

close  to  the  dependence T“^  which  is  characteristic  for 
the  Uott,  diffusional  mechanism  of  transfer  with  the  fer¬ 
rons  of  a  small  radius  [Ij  .  All  these  peculiarities  in¬ 
cline  us  to  opinion  that  v/e  deal  v/ith  new  type  of  compounds 
-the  gapless  magnetic  semiconductors  v/ith  the  ferron  type 
of  charge  transfer.  The  crystalline  structures  of  CuFeS2 
and  CuFoTe2  are  different.  Because  of  unknown  crystalline 
and  magnetic  structures  of  CuFeTcp,  realization  of  the  the¬ 
oretical  group  analysis  is  possible  for  CuFeSp  only.  The 
magnetic  group  of  chalcopyrite  is  the  single-colour  one. 
Therefore  all  the  results,  which  refer  to  the  nonmagnetic 
cose  are  correct  for  the  magnetic  one.  The  analysis  of  the 
irreducible  representations  established  that  tiie  gapless 
state  in  the  chalcopyrite  structure  can  be  realized  in  the 
P  point  of  the  Brillouin  zone  only.  It  corresponds  to  the 
special  case  of  the  space  symmetry  in  accordance  wit!  the 
AbriUosov-lieneslavskii  classification.  The  ferx'on  staios 
are  special  type  of  excitations,  characteristic  for  antifer- 
romagnetics  and  can  be  described  in  the  frames  of  the  spa¬ 
tial  cry  stall  and  magnetic  synuMi^try .  In  accordance  v/ith  the 
temperature  dependence  n{T)  —  T  '  it  was  ostablislied  that 
the  gapless  state  in  CuFc.'lp  I'efers  to  tlio  gapless  state  of 
the  first  type.  Existence  of  the  hole  ferron  follows  fi-oni 
tile  facts  of  the  gapless  state  and  the  ferron  state  of  the 
conductance  electrons. 

1.  T.  Kacuya,  A.  Yanaso,  T.  Takeda,  Jolid  at.  Comm.  0,  1551 
(1970). 
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WHY  VARIOUS  TYPES  OF  DONORS  CAN  EITHER  ENHANCE  OR  REDUCE 
ELECTRON  MOBILITY  IN  NARROW  GAP  SEMICONDUCTORS? 

C.  Skierbiszewski',  Z.  Wilamowski^,  T.  Suski'  and  J.Kossut^ 

High  Pressure  Research  Cenler,  Polish  Academy  of  Sciences, 

Sokolowska  29/37,  01-142  Warsaw,  Poland 

^  Institute  of  Physics,  Polish  Academy  of  Sciences, 

Al.  Lotnikow  32/46,  02-668  Warsaw,  Poland 

It  is  well  known  that,  under  conditions  of  a  fractional  occupancy  of 
impurity  stales,  it  is  possible  for  the  charges  localized  on  the  impurities 
to  correlate  their  mutual  positions.  As  a  consequence,  the  electron  mobility 
ui  such  samples  can  exhibit  greatly  enhanced  values.  The  effect  has,  in  fact, 
been  observed  in  narrow  gap  semiconductors  where  a  configuration  of  the  band 
edges  with  respect  to  impurity  levels  can  be  often  found,  that  makes  tlie 
fractional  occupancy  possible  with  the  band  carriers  being  present  at  the 
same  time.  Particularly  suitable  for  this  situation  to  arise  is  the  case  of 
resonant  donors  or  acceptors. 

In  real  samples  it  is  common  that  several  types  of  impurities  are 
present,  eg.,  the  resonant  (which  are  fractionally  occupied)  and  shallow 
donors.  Intuitively,  additional  donors,  when  fully  ionized,  should  lead  to  a 
drop  of  the  mobility.  Here  we  study  the  case  of  HgSe  doped  with  Fe  (resonant 
donor)  and  Ga  (  shallow"  donor).  The  concentrations  of  both  dopants  can  be 
controlled  in  this  system  with  sufficient  accuracy  for  a  quantitative  study 
to  be  made.  In  particular,  keeping  the  concentration  of  Fe  constant  and 
changing  the  concentration  of  Ga  in  the  sample  we  can  vary  the  critical 
parameter  that  rules  the  degree  of  spatial  correlation,  i.e.,  the  ratio  of 
the  number  of  unoccupied  to  total  number  of  donors.  As  the  alternative  method 
of  tuning  the  discussed  ratio  we  employ  the  hydrostatic  pressure. 

With  this  purpose  we  studied  samples  of  HgSe  with  n  =  2  I0'’cm'’ 
(corresponding  to  maximum  of  mobility)  with  n^  in  the  range  0  -  1  lO'^cm  ^ 

(i.e.,  up  to  complete  filling  of  Fe  -  donor  stales). 

The  results  of  the  conductivity  and  Hall  effect  measurements  are 
compared  with  short-range  correlation  model  modified  appropriately  in  order 
to  account  for  the  presence  of  Ga  ions  A  quantitative  agreement  is  observed. 

As  a  result  of  our  analysis  we  obuin  a  set  of  conditions  necessary  for 
achieving  very  high  mobility  values  in  doped  narrow  gap  semiconductors. 
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P2.2 

TRANSPORT  PHENOIfEl^A  IN  A  QUANTUU  WELL  CONTAINING 
UIXED  VALENCE  IliPURITIES 

I.I.Lyapllln,  I.C.Kuleev,  and  V.V. Karyakin 
Institute  of  Metal  Physics.  Ural  Branch,  Ekaterinburg 

On  the  basis  of  the  Anderson  model  we  consider  transport  phe¬ 
nomena  In  a  quantum  well  containing  mixed  valence  Impurities.  An 
example  of  such  structure  Is  [  Hg^  ^^Cd^Se  /  Hg^_yPeySe  / 

Hg^  ^Cd^Se  )  .with  the  appropriate  cholse  of  the  composition 
parameter  y.  We  analyze  the  energy  spectrum  of  two-dimensional 
electrons,  calculate  the  density  of  states  with  allowance  for  the 
hlbrldlza-  tlon  of  the  d-level  with  band  states  and  also  study 
behaviour  of  conductivity  and  thermoelectric  power  as  a  function 
of  both  the  Iron  content  of  a  quanttum  well  and  temperature. 

The  energy  spectrum  of  2D  conduction  electrons  splits  up  Into 
two  or  more  branches,  according  to  the  number  of  dimensionally 
quantized  energy  levels  lying  below  the  d-level  of  Iron  If  neglect 
of  damping  d-level.  In  another  case  the  renomallzed  energy 
spectrum  has  anomalous  dispersion  at  E  ^ 

In  the  vicinity  of  the  resonance  d-level  the  density  of 
electron  states  suffers  a  radical  change.  The  two-dimensional Ity 
of  the  electron  gas  results  In  the  stepwise  shape  of  the  pumping 
and  pump-out  regions  In  the  density  of  states  and  leads  to  the  N^j 
threshold  In  the  onset  of  the  additional  rectangular  peaks  and 
minima.  At  high  Iron  concentration  a  gap  arises  In  the  density  of 
states. 

The  Increase  of  the  gap  as  the  Iron  conentratlon  Is  raised 
lead  to  a  decrease  In  conduclvlty  with  decreasing  temperature  and 
thus  to  an  Increase  In  the  coefficient  of  thermoelectric  power. 
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THE  ’'ANOHALY”  OP  ELECTRON  SCATTERINC  BY  A  CORRELATED 
SYSTEM  OP  CHARGED  D(»IORS 

Tsldllkovskl  I.M.,  Kuleev  I. I.,  Lyapllln  I. I. 

Institute  of  Metal  Physics,  Ekaterinburg,  Russia 

The  HgSe:Fe  crystals  exhibit  an  unusual  temperature 
dependence  of  the  electron  mobility  n:  in  a  wide  interval  of 
Iron  concentrations  Npg  the  mobility  caused  by  Fe^'*'  Impurity  Ion 
scattering  Increases  when  the  temperature  Is  loweved,  T  0,  In 
contrast  to  the  Brooks-Herrlng  theory.  In  order  to  explain  this 
^l(T)  "anomaly"  the  space  correlatloon  of  Fe^'*'  Ions  due  to 
short-range  ordering  Induced  by  Coulomb  repulsion  should  be  taken 
Into  account. 

We  have  considered  the  fi.(T)  "anomaly"  In  framework  of  the 
short-range-correlation  model.  The  calculation  Is  made  In  the 
direct  Inter- Ion  correlation  and  quantum  screening 
approximations.  The  results  of  calculations  of  n(T)  for  the 
Importent  iron  concentrations  interval  (1.8x10^^$  Npg  ^  5.3 
cm“^)  without  use  of  fitting  parameters  agree  well  with  the 
experimental  data  In  the  temperature  region  (4.2-80)K. 

We  have  also  considered  another  approach  to  the  >i(T)  problem 
based  on  the  assumption  that  Wlgner  ci^stallzatlon  of  the  Fe^'*' 
Ion  set  occurs  at  low  temperatures.  The  method  of  long-wave 
fluctuations  of  the  charged  donor  concentration  has  been  used.  We 
succeded  In  obtaining  a  qualitative  agreement  of  measured  curves 
with  calculations.  In  which  two  fitting  parameters  were  employed, 
only  for  a  small  T-lnterval  (1.5-7)K.  We  can  surely  state  that 
the  Idea  of  long-range  Wlgner  ordering  doesn’t  correspond  to  the 
experimental  data  at  least  at  T  j  IK. 

Thus,  our  analysis  shows  that  the  short-range  correlation 
model  in  which  the  modified  Thomas-Fennl  potential  for 
Inter-ion  Interacton  and  the  Mayer  coorrela-tlon  function  are 
used,  is  a  quite  satisfactory  approximation. 
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ANISOTROPY  OF  THE  MACJNETIC  INTERACTIONS  IN  HgFeSf 


Z.  VVilaiiiowski,  H.  Przybyliiiska 

lii.siiiuie  of  Physics  PAS.  02-66S  Wdisow.  At  l^oliiikutc  32 

W.  Joss  and  M.  Ouillot 

MPI  HMLISNCI  CNRS.  BP  I66X.  3.3042  Grenoble 


We  presoni  ilie  expeninenial  sludies  of  niagneiic  properiies  ol  HgFeSe  The 
niagnellsallon  was  measured  al  magiielic  fields  H  up  Ui  20  T.  for  Hg^  Fe  Se 
wiih  iron  conleiil  x  in  ihe  range  of  0.003  -  0.04.  The  lemperalure  dependence 
of  Ihe  magnelisalion  shows  a  behaviour  corre.sponding  lo  Van  Vleck  magnetism. 
I'he  anisolropy  ol  magnelisalion  is  studied  directly  by  measuring  the  torque 
for  different  orientations  of  the  external  magnetic  field  in  respect  lo  the 
crystallographic  axes.  The  measured  torque  originates  from  two  subsystems 
interacting  with  each  other,  the  system  of  magnetic  ions  and  Ihe  system  ol 
free  electrons  In  this  paper  we  analyse  ihe  former. 

Al  low  niagnelic  fields  the  magnetic  susceplibilily,  and  hence  the 
magnetization,  is  well  described  with  use  ol  isotropic  tensors.  Al  higher 
magnetic  fields,  as  soon  as  the  niagnelizalion  ceases  lo  be  linear  m  H.  the 
magnetization  s  found  lo  be  strongly  anisotropic.  The  angular  dependence 
rellecis  mainly  the  anisotropy  of  Ihe  fourth  order  tensor,  typical  for  Ihe 
cubic  symmetry. 

A  systematic  analysis  of  all  ihe  symmetry  allowed  sources  ol  anisolropy 
IS  presented 
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Fourier  Transform  Photoluminescence  Excitation  Spectroscopy 
on  Medium-Band-Gao  He | 

F.Fuchs,  K.Kheng,  K.Schwarz,  and  P.Koidl 

Fraunhofer  Institut  jUr  Angewandte  FestkOrperphysik,  Tullastrasse  72, 
D-7800  Freiburg.  Fed.  Rep.  of  Germany 

Abstract 

We  report  on  Fourier-transform  photoluminescence  excitation  (FTPLE)  experiments  in  the 
spectral  range  of  1  to  4  //m  wavelength.  Bulk  Hg|.xCd,Te  (MCT)  samples,  as  well  as  LPE 
layers  and  MBE  grown  MCT  superlattices  were  investigated.  The  FTPLE  results 
demonstrate  the  possibility  to  use  this  technique  in  the  detection  range  of  an  InSb  detector, 
thus  extending  the  long  wavelength  limit  of  excitation  spectroscopy  into  the  mid  infrared 
(S.S  r/m).  We  show  that  new  information  on  the  origin  of  optical  transitions  observed  by 
photoluminescence  can  be  obtained. 

In  the  case  of  bulk  MCT,  the  FTPLE  spectra  reveal  additional  spectral  details,  not  resolved 
in  the  photoluminescence  spectra.  For  a  Hgo.66Cdo.34'^e  sample  the  FTPLE  spectra  are 
discussed  in  terms  of  band-to-band,  band-to-acceptor,  and  band-to-donor  uansitions.  In 
addition,  the  low  energy-tail  of  the  luminescence  spectra  can  be  identified  as  a  band-to-band 
transition  with  participation  of  holes  which  are  localized  in  disorder  induced  tail  states  of 
the  valence  band. 

PACS  numbers:  07.60.Ly,  78.20.-e,  78.55.Et 
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BLOCK  BOUNDARIES  CCNDUCTIVITY  AND  SIZE  EFFECT 
El  MOSAIC  (HgCd)Te  CRYSTALS 

V. A. Pogrebnyak,  D.D.Khalameida,  V.M .Yakovenko 

Institute  of  Radiophysics  and  Electronics,  Ukrainian 
Academy  of  Sciences,  Kharkov  310085  Ukraine 

In  this  paper  we  present  results  of  an  experimental  and 
theoretical  study  of  block  boundaries  effect  on  electric 
conduction  of  mosaic  {fIgCd)Te  (MCT)  crystals.  The  mosaic 
structure  of  MCT  single  crystals  results  from  a  particular 
aspects  of  the  procedure  by  which  these  materials  are  syn¬ 
thesized,  X-raying  and  metal lographic  investigatona  show 
that  MCT  samples  have  a  small-angle  disorientation  of  blocks 
with  the  average  block  size  100-400 yUJn. 

The  experiments  reveal  2D  electron  channels  at  block 
boundaries  in  MCT  single  crystals.  Thus  MCT  samples  have  p- 
or  n-type  bulk  conductivity  and  two-dimensional  electron 
conductivity  along  small-angle  boundaries.  In  the  work  the 
surface  electron  density,  electron  masses  and  mobility  in 
2D  channels  have  been  determined  by  analisis  of  the  set  of 
ShubniKov-de  ilaas  oscillations  at  Helium  temperature.  It  is 
shovffi  that  the  conductivity  along  2D  channels  is  comparable 
with  p-type  bulk  conductivity  of  the  sample  at  77K.  On  defi¬ 
nite  conditions  the  bulk  conductivity  can  be  essentially 
decreased,  then  the  sample  w  T1  conduct  along  the  random 
network  of  2D  electron  channels.  The  percolation  conductivity 
of  such  network  are  discussed  in  connection  v/ith  anomal 
HaM  constant  behaviour  of  some  MCT  samples. 

It  is  shown  that  with  decreasing  thickness  of  the  sample 
up  to  the  value,  comparable  with  the  average  block  size,  one 
can  reveal  size  effect  and  anisotropy  of  the  magnetoresis¬ 
tance  with  respect  to  the  orientation  of  the  magnetic  field. 
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A  possibility  ot  observation  of  the  coirelated  disorder 

effects  in  A_B,  semioonduotor  through  the  exoiton  speotrosoopy . 

2  o 

M.I.Vasllevskly,  S.N. Ershov,  V.V.  Nikonorov 

Faculty  of  Applied  Physics.  N. Novgorod  University, 

37  Sverdlova  str.,  Nizhni  Novgorod, 603000, Russia 

It  was  shown  by  a  number  of  experimental  methods  that 
semiconductor  solid  solutions  of  ^  %  group,  both  bulk  and 

epitaxial  samples,  are  not  perfectly  random.  One  of  the  most 
unambigous  observations  of  this  fact  is  that  by  Zamir  et.al.[l], 
who  studyed  Cd  Te  alloy  by  means  of  the  nuclear  magnetic 

resonance  technique.  However,  this  technique  is  able  to  register 
just  local  deviations  from  randomness  in  occupation  of  the  cation 
sites  by  Cd  or  Hg  atoms.  It  would  be  interesting  to  have  more 
detailed  information  about  this  non  -random  short-range  order, 
namely,  the  spatial  correlation  function  (with  the  correlation 
length  L)  ,  and  to  relate  it  to  the  method  and  conditions  of 
sample  preparation. 

One  of  the  methods  which  seems  to  be  able  to  give  this 
information  is  the  exoiton  spectroscopy. Broadening  of  the  exoiton 
line  in  semioonduotor  alloys  was  observed  by  many  researchers, 
and  associated  with  composition  fluctuations.  It  can  be  shown  [2] 
that  if  I^>>  iB  the  exoiton  localization  length,  and  a^is 

the  exoiton  Bohr's  radius),  the  width  of  the  line  W  is  determined 
by  the  mean-square-root  fluctuation  for  electron  potential.  Since 
electron  states  in  A^B^-  based  semiconductor  solid  solutions 

follow  the  virtual  crystal  approximation, 

2 

W  ~  x(1-x) 

and  it  do  not  depend  on  the  correlation  length.  At  <  a^  , 

however,  the  smoothing  of  small-scale  fluctuations  becomes  quite 
important  [2].  Accordingly,  the  line  width  should  be  sensitive  to 
the  correlation  length; 

,  L 

It  ~  x(l-x)(1+  const.—  ). 

o 

Thus,  L  can  be  evaluated  from  exciton  spectroscopy  data. 

We  have  studyed  experimentally  exciton  absorption  at  4.2  K  in 
Cd^Hg^_^Te  of  different  composition  using  samples  of 

two  kinds  ;  thinned  bulk  samples  and  epilayers  grown  by  the 
PEUOCVD  tecnique.  Results  of  preliminary  processing  of  our 
e:^erlmental  data  show  that  some  clustering  takes  place  in  both 
kinds  of  samples,  and  the  correlation  length  is  about  several 
interatomic  distances. 

1.  D. Zamir  et.  al.  J.Yac.  Scl.  Technol.  A6,  2612  (1988) 

2.  A.L.  Efros,  M.E.  Raikh.  In;Optical  properties  of  mixed 
crystals,  eds.,  R.J.  Elliott  and  I.R.  Ipatova,  Elsevier 
Publishers,  p. 133(1988) 

89 


P3.4 

TjiANgljiNT  AND  Sn-ADY  STATt-  l.n'iri  lMt-:  MHASDRKMI-NTS  ON 
t-m’AXtAl.I.Y  GROWN  Cd^Hp,  /Fc 

S. Barton.  P. Capper,  A.  McAllister.  CM, .Jones  anil  N.  Metcall'e 
Philips  Infrared  Defence  Com|xsnents.  Southampton.  Hants.,  II. K. 


ARSTRACr 


Tliere  is  still  considerable  controversy  in  the  field  of  recombination  mechanisms  in 
C'd^Hg|.^Te,  (CM'I  ).  particularly  with  regard  to  those  operating  in  p-ty|>e  material.  It  is  vital 
to  understand  this  behaviour,  in  the  particular  type  of  material  Ireing  used  to  produce  devices, 
if  improvements  are  to  be  made.  This  paper  reports  on  lifetime  measurements  made  on  both 
Liquid  Phase  lipitaxial  (l-Pf.)  and  Metal -C.Vganic  Vapour  Phase  Lpita.xial  (MOVPE)  layers. 
Lactors  studied  include  the  influence  of  surfaces,  using  various  passivants.  substrate/layer 
interfaces,  via  comparisons  of  data  from  samples  still  ’on-siibstralc'  with  that  obtained  in  thin 
'monolith'  form  and  dc|Kndeiicc  of  lifetimes  on  earner  concentration  and  temperature.  The 
earner  eoneentraiions  were  obtained  from  Hall  me.isurements  maile  at  lem|>eratures  down  to 
liquiil  Helium.  I  he  effects  of  various  post  growth  annealing  sehedules  h;ive  also  been 
insestigated.  Conipansons  have  been  m.ule  between  MOVPI.  material  doped  with  acceptor 
impurities  and  that  eomrolled  b\  mei.il  v.ieaneies.  .As  the  ex|veied  trends  were  not  always 
observed  when  transient  phoioeonduetive  ileeav  was  used  to  determine  lifetimes, 
measitrcmenis  have  been  m.ule  under  sieadv  st.iie  eoiulilions  lor  representative  samples.  Tltc 
former  technique  uses  a  (i.iAs  laser  as  a  source  while  the  latter  employs  a  blackbiKly  source. 
In  common  with  reported  results,  we  ftnd  that  the  steady  state  technique  priKluces  lower 
lifetimes,  in  geticral.  The  problem  of  determining  the  electron  tnobilily  in  p-ty|)e  material, 
which  is  required  for  the  steady  state  lifetitne  dctermitialion,  has  been  iiddressed  attd  both 
theoretical  tilling  to  Hall  data  atui  measttretncttis  on  diixies  m:idc  itt  the  particular  samples 
have  beett  developed  11|.  It  is  concluded  that  .Shoekley-Rciid  recombinatiott  govertis  the 
behaviour  of  most  of  our  material  at  77K  w  hile  Auger  I  recombinatiott  may  be  domitiattt  at 
142K. 


|l|  N.  r.(iordon  et.al.  (this  ettnferenee). 
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RAMAN  INVESTIGATION  NARROW-GAP  SOLID  SOLUTIONS  OF  HgCdMnTe 
Yu.I-Mazur,  V . P . Den isav* ’ ,  S.I.Kriven,  V. V.Strelchuk  and 
G .  (j .  1  -irasav 

Institute  of  Semiconductors  of  Academy  of  Sc iences,  Ukraine,  Kiev 
$) Institute  of  Spectroscopy  of  Russian  Academy  of  Sciences,  Troitsk 

Solid  solutions  of  HgCdMnTe  possess  a  number  of  attractis,-* 
nroperties,  due  to  the  Mn  activated  strengthening  of  interatomic 
bounds,  that  gives  new  possibilities  for  variation  of  zone  para¬ 
meters  without  noticeable  failure  in  photo-electric  properties  m 
comparison  with  HgCdTe.  However,  the  increase  of  number  of  compo¬ 
nents,  as  a  rule,  leads  to  increase  of  defect-generation,  in 
particulary,  to  clusters  or  microphases  of  different  components 
appearence.  We  present  here  new  data  on  disordered  lattice  dyna¬ 
mics  of  HgCdMnTe  obtained  under  Raman  investigation.  Mixed  semi¬ 
conducting  Hg .  Cd  Mn  Te  (  x  =  0.1,  y  =  0  f  0.1^  ),  grown  by 
l"*“y  X  y 

modified  bridgman  technique,  were  of  n-type  with  n  *  (3t15)*10 
cm  ^  at  nitrogen  temperature-  Home-made  polychromator  was  used 
with  high  parar.tf'ters  for  weak  signal  detection.  Raman  spectra  we¬ 
re  excited  by  argon  laser  <  X  s  514.5^)  and  investigated  in  geo¬ 
metry  "on  reflection".  At  the  pumping  level  below  10  mWt  we  ob¬ 
tain  a  reproducible  spectra  of  enriched  mode  content.  Strong  Ra¬ 
man  lines  are  found  for  LO-phonons  under  the  excitation  at  the 
planes  (iOO)  (111).  Numerous  Raman  features  below  the  range 

of  LO  TO  splittings  of  HgCdTe  and  above  it  give  new  information 
on  the  role  structural  disordering  in  multicomponent  solid  so¬ 
lution.  A  complicated  spectral  distribution  takes  place  at  i  = 

=  95  f  110  cm  Wc  find  here  all  signs  of  resonant  interaction 
between  the  impur i ty- induced  localized  modes  and  the  modes  cf 
perfect  crystal.  The  two-phonon  scattering  caused  by  LA  and  TA 
modes  of  IlgTe,  CdTe  is  also  out  of  the  experimental  errors. 
Strong  modification  of  Raman  spectra  takes  place  under  the  laser 
power  exceeding  10  mWt.  The  preliminary  analysis  shows  that  di¬ 
rected  Te  diffusion  occurs  to  crystal  su'^face,  and  the  Te-lines 
dominate  in  Raman  spectra.  All  other  features  are  strongly  sup¬ 
pressed.  The  data  obtained  give  also  new  insight  for  the  Mn  role 
m  lattice  dynamics  of  HgLiMnTe. 
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VIBRATIONAL  MODES  ACTIVATED  BY  STRUCTURAL  DISORDERING 
IN  FIR  TRANSMISSION  OF  HgCdMnTe 

Mazur  Yu.I.,  Kriven  S.I.,  Tarasov  G.G.  and  Shevchenko  N.V. 
Institute  of  Semiconductors  of  Academy  of  Sciences,  Ukraine,  Kiev 

A  number  of  different  vibrational  states  are  usually  obser¬ 
ved  in  phonon  spectra  of  Hg ,  Cd  Te  crystal  which  are  cousistent 

I  -  X  X 

with  its  two-mode  behaviour  under  x  variation.  However,  this  set 
of  vibrations  can  be  substantially  enriched  in  the  case  of 
HgCdMnTe,  due  to  both  the  multimode  behaviour  and  the  increase  of 
structural  disordering  of  crystal  lattice.  We  show  here  the  expe¬ 
rimental  data  for  the  transmission  spectra  of  Hg  /eCd_  ,,Mn_ 

^  ^  ^  LJ .  o  b  O .  w  o  0 . 02 

(  n-type,  n  =  1.5*10  cm  ,  thickness  d  =  0.2  mm  )  at  different 
temperatures  which  are  of  great  generality  for  wide  range  of  Mn^* 
content.  Comparing  spectral  features  observed  with  the  data  for 
binary  and  ternary  components  we  conclude  that  the  broad  absorp¬ 
tion  band  at  i  =  30^45  cm  ^  can  be  refered  to  the  transverse  acou¬ 
stic  modes  of  HgT«-  and  CdTe-  type.  These  modes  are  activated  by 
structural  disordering  of  each  of  component,  as  well  as  by  impuri¬ 
ty  ions  of  Mn^*.  The  latters  can  be  responsible  for  the  band  at 

ij  =  53  cm  ^  with  strong  temperature  dependence,  which  was  acribed 

2’¥ 

by  Shen  et  al  to  resonant  vibration  of  Mn  in  CdTe.  The  strong 
absorption  developes  at  =  95  cm  much  lower  than  =  118  cm 
which  is  low-energy  limit  of  LO-TO  ranges  for  HgCdTe.  We  attribute 
this  frequency  to  LA  mode  of  HgTe  activated  by  structural  disorde¬ 
ring  of  HgCdTe  lattice,  taking  into  account  its  polarization  and 
energy  position.  The  complicated  nature  of  "j  =  190  cm  ^  mode  is 
discussed.  Different  impurities  can  be  responsible  for  this  absor — 
ption  as  well  as  the  2LA(L)  mode  of  HgTe.  For  the  range  of  two- 
phonon  transitions  the  striking  feature  is  the  band  at  *)  =  220 
cm  ^  which  keeps  its  complicated  structure  up  to  T=300  K.  We  pre¬ 
sent  some  proves  in  favour  of  its  side-band  nature  for  the  vibra¬ 
tion  localized  at  i  =  190  cm  All  other  features  from  the  J  9C 
m  220  “  310  cm  ^  range  are  analyzed  with  symmetry  arguments  on  ac¬ 
count.  In  the  range  of  three-phonon  transitions  the  main  feature 
is  the  peak  at  ^  =  380  cm  which  is  undoubtedly  the  overtone  of 
local  vibration  at  ^  =  190  cm  It  should  be  noted  an  out-of-the- 
way  modification  of  absorption  line-shape  with  temperature  increa¬ 
sing.  Thus,  we  find  new  direct  evidence  for  the  change  of  dynamical 
properties  of  narrow-gap  semiconductors  at  structural  disordering. 
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DOHINANT  RECOMBINATION  MECHANISM  CHANGE 
IN  UNIAXIALLY  PRESSED  Hgi-jcCd«T» 

S.G.Gasan-zade,  G , A . Shape Isky ,  M.V.Strikha  and  F.T.VaB'ko 

Institute  of  Seniconductors .  Academy  of  Sciences  of  Ukraine. 
Kiev,  252650,  Ukraine 


The  intrinsic  recombination  channels  (radiative  and 
Auger)  in  narrow  gap  seniconductors  of  Hgi-aCdxTe  are  of 
principal  importance,  because  they  deternine  the  upper 
theoretical  limit  for  the  carriers  lifetines  r  .  In  this 
report  we  show,  that  the  dominant  recombination  pass  may 
change  due  to  energy  spectrum  transformation  under  uniaxial 
elastic  pressure,  and  T  may  essentially  increase. 

The  recombination  rates  changes  wore  obtained  here  as 
a  results  of  radiative  <  ®b)  and  Auger  <  ^a)  lifetimes 

computation  within  Kane  model  with 


an  allowance  for  uniaxial  pressure 
along  [001)  axis  (energy  spectrum 
is  given  in  the  figure).  Due  to  the 
decrease  of  the  effective  masses 
in  the  upper  of  the  two  s'plitted 
bands  (V»)  the  direct  radiative 
transitions  occures  more  intensi¬ 
vely,  so  that  deoreasos  with 

pressure.  The  Auger  process  rate  on 
the  contrary  decreases,  so  that 
'^A  essentially  increases. 


Experimental  dependences  of  the  lifetimes  as  functions 
of  deformation  f(P)  were  obtained  from  measurements  of 
stationary  photoconductivity  in  n-Hgi-xCdxTe  ( x-0 , 20-0 , 30 ) . 
They  correspond  well  theoretical  curves  TCP),  so  that 
for  maximal  deformation  P=2kB8r  T  changes  in  2-2,5  times. 


It  is  important,  that  the  type  of  T  change  with  pressure 
unambiguously  determine  the  intrinsic  recombination 
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Electron  Subband  Structure  in  Inversion  Layer  of 
p-type  Hgo  -ygCdo  2iTe 

J.H.  Chu,  R.  Sizmann*,  K.  Liu,  Z.Y.  Mi,  S.C.  Shen,  and  F.  Koch* 

National  Lab  for  Infrared  Physics 
Shanghai  Institute  of  Technical  Physics 
Chinese  Academy  of  Sciences,  Shanghai  200083,  China 

♦Physik-Departnent  E-16,  T.  U.  Munchen 
D-8046  Garching,  F.  R.  Germany 

It  was  found  that  a  resonant  defect  level  exists  in  p-type 
Hgo  79Cdo_2i''^®  l^ulk  materials  with  high  native  doping  concentra- 
tion[l].  The  subband  model  that  was  used  to  derive  the  subband 
structure  directly  from  experimental  results[2]  can  be  more 
general  after  it  is  modified  by  taking  account  of  the  Influence 
of  the  resonant  defect  states  on  subband  structures.  By  using  the 
modified  model  the  subband  structures  of  n-type  inversion  layer 
in  the  MIS  structure  of  p-type  Hg,_jjCdjjTe  (x=0.21)  bulk  materials 
with  different  doping  concentrations  ranging  from  Mj^=3xl0^®  to 
7x10^^  cm”^  have  been  derived  quantitatively  from  the 
experimental  results  of  capacitance  spectroscopy,  SdH 
oscillations  and  cyclotron  resonance.  Therefore,  the  dependence 
of  the  subband  structure  on  doping  concentration  and  energy  gap 
adjusted  by  applied  pressure  has  been  obtained  for  the  first 
time. 

The  p-type  Hg^.jjCdjjTe  samples  with  high  doping  concentration 
are  very  much  helpful  for  the  Investigation  of  subband  electron 
Landau  levels  because  the  effect  of  k-linear  term  of  subband 
electron  spin-orbit  interaction  is  significant  for  the  samples. 
Based  on  the  subband  structure  obtained  from  the  above  model,  the 
shifting  and  crossing  effect  as  well  as  the  wave-function  mixture 
effect  of  the  Landau  levels  and  the  effective  g  factor  of  the 
Bubband  electrons  for  p-type  WgQ^jCdQ  21^®  have  been 
quantitatively  investigated  from  both  theory  and  experiments  such 
as  SdH  oscillations,  cyclotron  and  spin  resonance  of  subband 
electrons. 

[1]  J.H.  Chu,  Z.Y. Mi,  R.  Sizmann,  F.  Koch,  J.  Ziegler,  and  H. 
Haler,  The  US  workshop  on  physics  and  chemistry  of  HgCdTe  and 
other  II-VI  compounds,  Dallas,  TX,  Oct. 8-10,  1991. 

[2]  J.H.  Chu,  Z.Y.  Mi,  R.  Sizmann,  and  F.  Koch,  Phys.  Rev. 
B44(1991),  1717. 
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The  Study  of  Far-Infrared  Phonon  Spectra  in  Hgj.j^Cdj^Te 

J.H.  Chu  and  S.C.  Shen 

National  Lab  for  Infrared  Physics 
Shanghai  Institute  of  Technical  Physics,  Chinese  Academy  of 
Sciences,  Shanghai  200083,  CHINA 

The  far  Infrared  absorption  and  reflection  spectra  measure¬ 
ments  were  performed  on  the  Hgj_jjCdjjTe  samples  with  x=0.18  to 
0.45  in  the  wavenumber  region  of  15-500  cm“^  at  temperatures  from 
4.2K  to  300K. 

In  addition  to  the  absorption  structures  of  two-phonon  combi¬ 
nation  on  both  sides  of  the  reststrahlen  band  of  the  material,  a 
low  frequency  absorption  band  has  been  observed  between  20-50  cm 
in  all  the  measured  samples.  By  comparing  it  with  the  phonon 
spectra  of  Hgj^.jjCdjjTe,  which  have  been  estimated  by  means  of  the 
ab  initio  density  functional  calculations  of  planar  force  con¬ 
stants,  we  have  attributed  the  low  frequency  absorption  band  to 
the  TA  band  modes  induced  by  the  disorder  and  "doping'*  effects 
resulting  from  the  crystalline  mixing  in  the  material.  The 
dependence  of  the  two-phonon  combination  absorption  on  tempera¬ 
ture  and  composition  was  determined  in  the  alloy  compositions 
ranging  from  0.18  to  0.45  for  temperatures  from  4.2  to  300  K. 

In  the  measured  reflection  spectra  of  the  samples,  we  ob¬ 
served  not  only  the  fine  structures  of  the  CdTe-like  optical 
phonon  reflection  band,  but  also  the  complex  structure  of  the 
HgTe-llke  band  for  the  low  composition  samples.  The  dependence  of 
the  spectral  structures  on  the  composition  and  the  temperature  of 
the  samples,  and  the  plasmon-LO  phonon  coupling  effect  have  been 
investigated.  The  fine  structures  of  the  reflection  spectra  have 
been  explained  based  on  the  multi-mode  quasi-harmonic  oscillator 
model.  By  means  of  the  classical  oscillator  matching  method,  the 
curve-fitting  calculations  were  performed  for  the  experimental 
reflection  spectra.  The  complex  dielectric  function  spectra  and 
the  complex  refractive  index  versus  frequencies  have  been 
obtained  from  a  satisfactory  fitting. 
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Bias  Eflectg  on  the  Electrical  Characterization  of  Deep  Levels  in 

HgCdTe 

Susan  J  Zachman,  Eliezer  Finkman  and  Gad  Bahir 

Department  of  Electrical  Engineering 
Technion  -  Israel  Institute  of  Technology 
Haifa  32000,  Israel 


A  study  of  deep  traps  in  HgCdTe  n-lype  x  =  .3  and  x  =  .225  MIS  capac¬ 
itor  samples  is  presented  using  Deep  Level  Trimsient  Spectroscopy  (DLTS). 
It  is  shown  that  DLTS  is  a  useful  electrical  characterization  tool,  but  care 
must  be  taken  when  analyzing  results  obtained  for  a  narrow  band  gap  semi¬ 
conductor  such  as  HgCdTe. 

Our  measured  DLTS  scans  show  a  marked  bias  effect.  The  emission  rate 
is  strongly  affected  by  bias,  and  consequently,  the  deduced  activation  energy 
is  a  strong  function  of  the  measurement  bias  used.  The  Poole-Frankel  effect 
cannot  sufficiently  account  for  this  bias  dependence.  We  explain  the  effect 
by  assuming  that  emission  sJone  is  the  dominant  process  near  the  interface, 
whereas  capture  and  emission  processes  compete  near  the  bulk  end  of  the 
depletion  region.  The  relative  proportion  of  the  widths  of  the  two  regions 
is  strongly  bias  dependent.  Analysis  that  includes  this  effect  gives  corrected 
values  for  the  emission  rate,  and  hence  a  bias  independent  energy  level  for  tbe 
trap.  This  energy  is  extracted  from  DLTS  measurements  on  the  assumption 
that  the  trap  energy  (Er)  follows  the  majority  carrier  band  edge.  Under  this 
standard  definition  we  find  Et  —  E^  —  .035  eV  for  the  x  =  .3  sample  and 
Et  =  Ec  —  .023  eV  for  the  x  =  .225  sample. 

The  above  assumption  was  examined  and  deemed  questionable  since  the 
band  gap  in  HgCdTe  changes  significantly  with  temperature  during  the  DLTS 
measurement.  There  is  no  reason  to  beUeve  that  the  trap  energy  will  follow 
the  majority  carrier  band  edge.  In  general,  Er  wiU  be  a  function  of  temper¬ 
ature.  To  derive  this  function  we  measure  the  capture  cross  section  over  the 
temperature  range.  We  then  combine  this  information  with  the  corrected 
expression  for  the  emission  rate,  and  use  thermodynamic  considerations  to 
calculate  the  temperature  dependence  of  the  trap  energy. 
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Precision  of  llic  Hall  Quantization  in  Naturally  Oceuning  Two  Diineiisioiial  Syslein-lIgCdMnTe 

Bicrystals. 


(J.  (Jidl)e(ki‘,  A.  Wiltlin''^,  1’.  Diell',  P.A.A.  I’euiiissoii^,  S.A.J.  Wiegcis^  anti 
J.A.A-J.  Pereiibooiii^ 

1)  Institute  of  Physics,  Polish  Academy  of  Sciences,  Al.  Politikow  32/46,  PI.-02-()68  Warsaw, 

Poland 

2)lligh  Field  Magnet  Fahoiatory  and  Uesc^arch  institute  for  Materials  University  of  Nijmegen, 
i’oei  ncK>iveld  NL  6525  101)  NijnicgcMi  I’hc  Nelhet lands 


ABSTRACT 

Magnetoresi.stance  ineasuremcnts  on  naturally  occurring  two  dimensional  electron  system- 
inversion  layers  adjacent  to  grain  boundaries  in  narrow  gap  sciniinagnetic  semiconductor 
HRu  75^  do  2:iMno  (12  le  { =  185  meV)  have  been  performed.  In  order  to  cslablisli  a  most  favorable 
c ondiliciits  fcjr  the  o<  cm  rence  <*f  Ihcr  c|iiaiitmii  Mall  elfec  t,  magnetic  lields  up  to  20  1'  simultaneously 
with  millikclvine  tempeiatur(;s  have  l»een  applied.  Ilegardless  of  the  natural  (and  llieieforc  umoie 
trolled)  origin  of  the  studied  samples,  precise  Hall  quantization  (plateau  ilatness  up  to  510"^  has 
l>een  measurc'd)  as  well  as  nc*arly  vanishing  diagonal  resist aiic  e  minima  were  observed  (see  Figure). 
1  his  result  may  be  regarded  as  a  subsecpicnit  evidence  of  llie  quantum  Hall  circcl  universality.  Ad¬ 
ditionally,  detailed  analysis  of  the  niagneloi<*sistance  data  revealed  severe  macroscopic  electron 
density  gradients  in  our  system.  Wc  have  found  that  in  liigli  magnetic  fields  tiie  inhomogencitics 
lead  to  formation  of  the  network  of  Hall  resistors  with  dilfcrenl  quantum  indices.  I'emperalure 
dependence  of  the  both  Hall  and  diagonal  magnetoresistaiices  has  been  studied  in  the  range  be¬ 
tween  100  niK  and  40  K.  I  he  mobility  gaps  associated  with  Landau  splittings  were  found  to  be 
about  10  times  larger  than  those  arisittg  from  spin  splittings.  Such  result  hard  to  be  understood 
witliin  a  framework  of  the  conventional  theory  of  narrow  gap  systems  wliich  predicts  that  these 
gajjs  should  be  ueaily  ecpial.  Howovn,  t h»*  ctbsc'i  vcd  iM'liavioin  may  be  explained  in  terms  of  the 
exchange  inlc.'raclioii  Ix’tweeii  conduc  ting  eh'clrons  and  magnetic  Mii^T  ions  in  our  semiiuagaelic 
system. 


97 


P3.12 

The  Optical  Absorption  Coefficient  of  HgTe-CdTe  Superlattices  •  Theory  and 

Experiment 

E.  Banged,  P.  Boege,  V.  Latussck  and  G.  Landwehr 
Physikalisches  Institut  der  Universittit  Wiirzburg,  Am  Hubland,  8700  WUrzbuig 

During  the  last  decade  a  rather  large  number  of  papers  concerning  the  calculation  of 
semiconductor  superlattice  states  have  been  published 

This  is  mainly  due  to  the  difficulty  of  being  conBonted  with  the  following  problems;  First, 
the  incorporation  of  realistic  band  structures  for  both  materials  and  which  are  basically  founded 
on  translational  symmetry.  Secondly,  this  symmetry  is  broken  at  the  interface  of  barrier  and 
well.  Finally,  the  special  and  interesting  features  of  superlattices  just  originate  from  this 
symmetry  violation.  In  other  works,  inside  each  layer  the  dynamic  of  the  electrons  is  determined 
by  the  E(k)-relationSj  based  on  a  one  or  multi  band  approach,  but  dynamic  of  electrons  crossing 
the  interface  cannot  be  formulated  in  a  straightforward  fashion  of  band  structure  concepts. 

Among  the  various  approaches  of  trying  to  solve  these  problems  are  two  extrema,  namely 
the  tight  binding  and  the  envelope  function  rrwthod.  In  both  cases  experimental  results  must  be 
used  to  fit  the  unknown  parameters  of  the  theories  in  order  to  obtain  a  realistic  band  structure. 
The  tight  binding  calculations  fit  the  coupling  integrals  of  atomic  wave  functions  of  adjacent 
atoms.  Therefore,  these  coupling  integrals  are  known  inside  the  material,  but  not  for  the  crossing 
of  the  interface.  The  envelope  function  method  utilizes  band  parameters  irkc  Yi,  72,73,  m’  and 
Ep  which  are  again  known  for  each  material,  but  even  defined  close  to  the  interface  region. 
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Field-Effect  Controlled  Resonant  Interband  Tunneling  in  Electron 
Surface  Layers  on  InAs  and  InssGa^/As 

B.FOste',  U.Kunze^  ,  G.Zwtnge^,  A.SchlachetzkP 

(^Inatltut  rur  Elaktrophyalk  and  Hochmagnatfaldanlaga  dar  Tachniachan 
Univaraftttt  Braunachwafg,  ^tamtltut  fUr  Tachniacha  Phymlk,  UnIvaraJtMt  Erfan- 
gan-NUrnbnrg,^lnalllutfUrHatblaltartachnlk,TU  Braunaohwalg,  Garmany) 

We  report  on  an  experimental  study  of  a  novel  three-terminal  negative 
differential  conductance  (NDC)  device.  Interband  tunneling  from  a  2D 
electron  Inversion  layer  through  the  depletion  barrier  Into  resonant  states 
of  the  bulk  valence  band  Is  controlled  via  an  applied  gate  voltage  of  an  MIS 
structure. 

Sample  preparation  started  either  from  bulk  n-type  InAs  with  1  pm  Zn 
diffused  p'''-layer  or  from  MOVPE  grown  p'^-InGaAs  (1  pm)  layers  on 
n-InGaAs  (2  pm)  on  n*-lnP  substrates.  After  1.5  pm  mesa  etching  an  oxide 
layer  (20. ..100  nm)  was  anodically  grown.  Subsequently  Yb/AI  gate  and 
p'^-contacts  were  formed  by  evaporation  and  standard  lithography. 

An  overlap  of  the  mesa  by  the  gate  electrode  provides  an  ohmic  contact 
of  the  n-type  substrate  to  the  electron  Inversion  layer  at  the  InGaAs-oxIde 
Interface  If  the  gate  voltage  Vq  Is  kept  above  the  threshold  of  -1.4V 
(♦1.2V)  for  InAs  (InGaAs).  At  T=77  K  and  T=4.2  K  upon  Increasing  Vq, 
the  peak  current  can  be  varied  by  a  factor  of  5,000  (500)  with  a  maxi¬ 
mum  peak-to-valley  current  ratio  In  excess  of  2  (16).  The  peak  voltage  Is 
shifted  from  30  mV  to  300  mV. 

From  the  decrease  of  the  peak  current  under  magnetic  fields  up  to  B  =  15T. 
applied  parallel  or  perpendicular  to  the  Interface,  we  Infer  that  the 
effective  tunneling  electric  field  Is  Independent  of  Vg.  In  perpendicular 
orientation,  the  InGaAs  samples  show  oscillations  In  d^l/dV^-vs-B  curves 
which  reflect  the  Landau  quantisation  of  the  surface  electrons  . 


Somf  fo0«rlthmfc 
plot  of  tho  curronl~ 
voltage  characterla*- 
tlc  of  an  InGaAa 
tunnel  Junction  with 
gate  voltage  aa  a 
parama  ter . 
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Far  infrared  spectroscopy  of  straiiic<l  AlSh/IiiAs/ A1SI>  (|iiniitiiiii  wells 

InMy.  P.J.  l,in-('hung,  H.J.  ir«i^iirr.  J.R.  W'nfrnttan,  M  M<»nr. 

B.  I',  Shanahrook,  nnd  A/.  Fainni 

Naval  Rc.nrarch  Laborntonrs.  \\  ahstngfiya  DC  .  VS.\ 

We  have  systematically  sttidie<l  the  far  infrared  absorption  due  to  InAs  It)  phonons 
in  strained  InAs  single  c|iiantuin  wells,  for  the  first  time.  We  have  found  that  the  ft) 
phonon  energy  {u-rol  is  virtually  unchanged  when  the  well  thickness  is  varied  from  4(1.1 
to  2^(l.4.  I  h  .udependence  <»f  on  the  confinement  effect  implys  that  tlie  TO  phonon 
hranch  is  flispersi<mless  up  to  of  the  Brillontn  xone.  In  contrast,  u^rn  shifts  to  a  low'er 
energy  when  the  strain  in  InAs  is  increased.  The  degree  of  the  strain  in  InAs  is  varied 
hy  using  <UfTereni  buffer  layers.  When  thick  (iaSb  or  AlSb  layers  are  grown  as  the  buffer 
layers,  the  InAs  is  under  hiaxial  tension  and  its  vertical  lattice  constant,  measured  hy 
X  ray  diffraction,  is  re<lnced  to  G. 0171  4  or  fi. 00004,  respectively.  We  obtain  an  einpiri*  al 
expression  for  the  strain  dependence  of  TO  phonon  energy,  Au’ro  "  |  )u.ro.  w  here 

Su^To  and  fi  are  the  relative  change  of  ujto  and  the  vertical  strain,  respectively. 

riie  electron  effective  mass  in  InAs  is  expecteil  to  be  reduced  as  a  result  of  biaxial 
tension.  lo  examine  this  effect,  we  have  performed  cvclolr<M»  resonance  measurements  at 
l,2K,  with  magnetic  Helds  of  up  to  I2'l’.  flie  (*K  linewidth  increases  as  the  well  width  is 
decreased.  This  can  he  explained  hy  twf»  factors.  One  is  that  the  electron  wave  function 
penetrates  ileeper  into  the  barrier  as  the  well  wi«Mli  becomes  narrower,  and  the  interfar»* 
roughness  would  reduce  the  electron  lifetime  f liomogeneous  broadening).  Die  other  is  that 
the  nonunifoniiity  of  tlie  well  thickness  wouhl  result  in  iiihoinogeoiis  liroadening  in  snl>hand 
energy.  In  ad<!ition,  the  electron  effective  masses  are  hMiinl  tf>  he  imsensitive  to  the  firgrer 
of  the  strain  and  vary  from  0.034771^  for  the  1X74  sample  to  0.047m„  for  the  fi3.4  sample. 
3'!***  measured  effective  mas.ses  are  all  much  larger  Ilian  the  nnslraine<l  hand  etlge  mass. 
().n23m„.  We  carried  out  a  <letailed  calculation  of  suhband  energies  and  suhhand  in  plane 
effective  masses  using  the  four  l)aiul  k  p  model,  iiiclmling  Ihe  strain  ellect  and  tlie  eflrrt 
due  t<j  the  penetration  of  the  electron  wave  fuiiclioii  into  the  .MSh  barriers.  We  find  that 
♦  be  enhancement  of  the  observed  effective  mass  results  partially  from  the  nonpara)>oli< 
l)and  of  InAs,  and  partially  from  the  penetration  of  the  wave  fimrtion  into  the  harrier 
KxcelIrnt  agreement  with  experiment  is  achieve<l  for  samples  willi  narrow  wedl  widths, 
while  the  calculation  still  predicts  smaller  masses  than  those  rrhservefl  for  samples  whit 
larger  well  widths.  Possible  explanations  .such  as  the  space  charge  effect  will  he  disrusse*! 
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The  Effect  of  Landau  Quantization  on  Cyclotron  Resonance 
in  a  non-parabolic  Quantum  Well 


J.  Scnba,  A  Wixfonh  and  J  P  KoUhaus 
Sektiun  Physik.  LMU  MUnchen 

C  Boingnesi,  C  Nguyen,  G.  TulUe.  J  H  English  and  H  Krticmer 
DepartmenI  of  Eleclncal  and  Computer  Engineenng,  UC,  Santa  Barbara 

Quantum  wells  consisting  of  epitaxial  layers  of  AlSb  and  InAs  are  characten/ed  by  unusuallj  high 
confinement  energies  (=1  3  eV),  high  carrier  densities  (lo'^cm'^)  and  relatively  high  electron  mobili¬ 
ties  (4(KXXX)  cm-/Vs)’  The  electronic  properties  make  the  system  a  promising  candidate  lor  transis¬ 
tor  applications  Moreover,  the  small  effective  mass  of  the  active  layer  InAs  yields  high  quantization 
energies  w  hich  make  clectro-oplical  applications  attractive  such  as  tunable  detectors  based  on  resonant 
quantum  effects 

To  exploit  such  mechanisms  it  is  necessary  to  take  into  account  the  effccis  of  band  non-parabolicit> 
which  has  a  much  stronger  inlluence  in  InAs-quanlum  wells  than  in  the  widcl>  used  GaAs-systems 
We  inicstigalc  c>clolron  resonance  absorption  (CR)  at  low  temperatures  (T=2K)  and  high  magnetic 
ticlds  (B<IST)  B>  detecting  discrete  CR  transitions  between  dificrcnl  Landau  stales,  we  observe  di- 
rectl>  the  clfcct  of  subband  non  parab>)licit>  on  the  Landau  ladders 


Oscillations  of  the  effective  mass  in  InAs/AISb  quantum  wells  as  extracted  from  cyclotron  re¬ 
sonance  measurements 

The  resonance  positions  and  splittings  of  the  CR  are  explained  in  a  straightforward  single  particle 
model  Since  subband  energies  can  easily  be  calculated  by  self-consistent  methods  for  the  'infinitely 
deep"  quantum  well,  our  model  employs  no  fit  paraiiKter  once  the  earner  density  and  the  well  width 
are  known  The  results  of  our  analysis  can  also  be  applied  to  other  quantum  well  and  heterojuction 
sjstems  It  remains  surprising  why  discrete  CR  lines  of  different  simultaneous  Laindau  transitions 
haven  t  yet  been  obsened  in  other  non-parabolic  2D  electron  systems  The  differences  to  our  observa¬ 
tion  will  be  discussed 


I  i.u>  I  iillU  ,  I  Itrhtrl  KriK-mei  jnd  John  1 1  I-jigtish.  J  AppI  Phys  iS.  1989 
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Photoconductivity  in  AISb/InAs  Quantum  Wells 

C,  Gauer,  J.  Scriba,  A.  Wixforth  and  J.  P.  Kotthaus 
Sektion  Physik,  Universitat  Miinchen,  8  Miinchen  22,  Germany 
Ch.  Nguyen,  G.  Tuttle,  J.  H.  English  and  H.  Kroemer 
Quest  Center,  UC  Santa  Barbara.  CA  93106,  USA 

The  enormous  progress  in  epitaxial  growth  techniques  during  the  last  years 
has  made  it  possible  to  grow  even  exotic,  lattice  mismatched  heterostructures. 
In  particular,  the  AlSb/InAs  system  is  a  promising  candidate  for  future 
electro-optic  applications.  It  combines  large  confinement  energies  (  =  1.3  eV) 
with  high  carrier  concentrations  (<3  10l2cm-2i.  To  date,  despite  the  large 
lattice  misfit  between  the  GaAs  substrate  and  the  active  heterostructure  very 
high  electron  mobilities  can  be  obtained  (Pinax=60m2/Vs). 

We  investigate  the  electrical  and  optical  properties  of  such  AlSb/lnAS  quantum 
wells.  The  system  forms  a  type  11  staggered  heterojunction  in  which  we  study 
quantum  wells  of  widths  between  12  and  20  nm.  In  contrast  to  other  material 
combinations  the  photoconductivity  can  be  persistently  enhanced  and  reduced 
depending  on  the  incident  wavelength.  We  determine  the  carrier  densities  and 
the  electron  mobilities  as  well  as  their  temperature  dependence  from  cyclotron 
resonance  and  Shubnikov-de-Haas  experiments.  In  a  typical  sample  the  carrier 
density  decreases  from  n=l  .6  10'2cm-2  for  Eph=1.3eV  to  n=0.9  10l2cm-2  for 
Eph=2.2eV  at  T=4K.  The  reduction  of  the  electron  mobility  due  to  reduced 
screening  for  the  same  light  energies  makes  this  negative  persistent  photo 
effect  even  more  pronounced.  It  is  only  quenched  by  heating  the  sample  to 
T>130K. 

We  ascribe  our  experimental  findings  to  the  electron-hole  recombination  via 
deep  defects  at  the  AlSb/InAs  interface  leading  to  a  loss  of  electrons  in  the 
well.  It  was  suggested  that  these  interface  states  are  Tamm  states  since  the  high 
mobility  of  the  electrons  in  the  well  indicates  that  the  potential  of  the  defects 
must  decrease  much  more  strongly  than  the  Coulomb  potential.!)  The  holes  are 
believed  to  be  generated  in  the  GaSb  cap  layer  of  the  structure  and  to  follow 
the  field  gradient  to  the  AlSb/lnAs  interface.  One  set  of  our  samples  shows  an 
oscillatory  structure  superimposed  on  the  photoconductivity  spectrum.  We 
attribute  this  phenomenon  to  multiphonon  emission  of  holes  in  the  AlSb  layer. 
Our  experiments  thus  provide  new  insight  into  the  band  lineup  and  the  nature 
of  electronic  defects  of  this  novel  system. 


1)  H  Kroemer.  Ch  Nguyen.  Bobby  Brar.  "Are  there  Tamm  State  Donors  at 
the  InAs-AlSb  Quantum  Well  Interface"  ,  to  be  published 
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Insulator-Metal  Transition  in  HgTe  in  Crossed  Magnetic  and  Electric  Fields 

P.  Pfeffer  and  W  Zawadzki 

Institute  of  Physics,  Polish  Academy  of  Sciences,  02668  Warsaw.  Poland 

Zero-gap  semiconductor  HgTe  is  considered  theoretically  in  the  presence 
of  crossed  magnetic  and  electric  fields. 

The  external  magnetic  field  opens  an  energy  gap  between  the  Landau  le¬ 
vels  in  the  conduction  and  the  heavy-hole  valence  bands.  An  electric  field 
in  the  crossed-f ield  configuration  closes  this  gap.  inducing  an  insulator- 
metal  transition  at  low  temperatures. 

The  structure  of  Landau  levels  in  HgTe  in  crossed  fields  has  been  cal- 
cuiated  using  Pidgeon  and  Brown  model  for  B  II  (HI)  crystal  direction. 

The  energies  of  the  system  have  been  found  using  the  Evtuhov  procedure.  It 
has  been  sliown  that  in  principle  the  electric  field  shifts  llte  conduction 
Landau  levels  downwards  and  the  hole  levels  upwards.  However.  Hie  Luttinger 
(  "quantum'’)  effects  for  the  lowest  quantum  numbers  in  both  bands  complicate 
this  simple  picture.  In  order  to  decide  whether  (and  between  which  levels) 
the  gap  really  closes,  we  have  also  calculated  the  k^-dependence  of  the 
landau  subbands  in  both  spin  sets.  It  turns  out  that  the  insulator-metal 
transition  occurs  between  the  "a"  set  (spin  up)  levels,  in  spite  of  the 
(act  that  the  lowest  conduction  level  0  moves  upwards  in  the  electric 
I  leld.  c'jiitr'ary  to  semiclassical  expectal itir's.  for  B  =  2  T  the  insulator- 
metal  transition  occurs  a'  •:  1  kV./cm. 

hinally,  we  liave  considered  effects  related  to  the  center  of  electron 
and  hole  oscillations  in  crossed  fields  and  showed  that  the  insulator-metal 
transition  is  ja  ecedcd  by  tunneling  effects. 
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INFLUENCE  OF  HEAVY  HOLE  SCATTERING  ON  THE  MAGNETOTRANSPORT 
BEHAVIORS  OF  P-TYPE  ZERO-GAP  ngj^^Mn^Te 

Guozhen  Zheng  Jinxi  Shen  Shaoling  Gtio  Dingj'uan  Tang 

National  Laboratory  for  Infraret  Physics 
SJianghai  Institute  of  Technical  Physics 
Chinese  Academy  of  Sciences 

The  transport  behaviors  of  zero-band  gap  p-type  Hg|_j^Mn^Te 
samples  (N  =  0.n3  and  0.065)  ar'=‘  inves'  gated  for  temperatures  from 
0 . 3K  to  4 . 2K  and  magnetic  field  up  to  7T  .  The  striking  anomalies 
of  the  magne t o res i s tance  have  been  observed  in  both  samples. 

A  giant  increase  in  the  magnetoresistance  and  broadness  of 
the  last  two  Sdll  oscillation  have  beeii  found  for  Kg^.^Mn^Te  with 
\:0.03  experimentally.  The  dependence  of  the  energy  of  Landau 
levels  in  the  fg  band  for  on  the  magnetic  field  has  been 

calculatf^d  using  the  modified  Pidgeon-Brown  model  tor  the 
.  9  . 0  3^^®  alloy  at  different  temperatures.  It  indicated  that 

the  conduction  energy  levels,  { 0 )  ,  (  I  )  are  below  the  highest 

valance  level  b^ ( -  1  )  .  The  overlap  between  the  highest  valance 
band  b^.  f -  1 )  and  the  conduction  energy  levels  ( 0 >  ,  ap(l)  leads  to 
a  new  scattering  mechanism  of  free  electrons  i.e.  the  threshold 
scattering  of  conducti-'n  electrons,  which  prevails  over  intraband 
scattering  if  th»>ie  exists  a  finite  overlap  between  the  valance 
and  conduction  energy  levels^ 

A  step  negative  magnetoresistance  associated  with  the  minimum 
Hall  mobility  for  B=l.5T  at  T  =  0.3  occurred  in  another 
sample  {\'  =  0,065}  while  the  Hall  coefficient  exhibited  a  sign 
reversal  near  B  =  0.4T.  Because  a^.(-l)  and  ( - 1  )  heavy  hole  Landau 
subbands  ar^*  shifted  towards  the  conduction  band  strongly  with 
increasing  field  B,  there  ar-  two  heavy  hole  bands  in  the 
vicinity  of  thn  Fermi  lev#^l.  when  thf»  F‘=^rmi  levf>l  is  merged  into 
the  top  of  a^.(-l)  band,  the  scattering  of  the  holes  of  b^.  (  - 1  ) 
band  wovild  be  the  largest. 

{!).  T.I.Lyapilin  Phys.  Lett.,  93A,  5,  215M98  3I 
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Magnetotransport  Investigations  at  InSb  and  Hgi-xCd^Te  Bicrystals 
ir  Tilted  Magnetic  Fields 

G.  Nachtwei,  N.J.  Bassom  ,  W.  Kraak,  R.J.  Nicholas  and  M.  Watts 

Fachbereich  Physik  der  Humboldt-  UniversltUt  zu  Berlin 
Institut  fUr  Fesckorperphyslk 

Inval idenstr* 8e  110,  Berlin  D-0-1040.  FR  Germany 
*  University  jf  Oxford,  Clarendon  Laboratory 
Parks  Road,  Oxford  0X1  3PU,  England,  UK 

Abstract 

The  Hall  effect  and  the  Shubnikov-  de  Haas  effect  of  a  quasi-two- 
dlmenslonal  inversion  layer  adjacent  to  grain  boundaries  in  InSb 
and  Hgo , . 77^6  b*crystals  are  investigated  in  magnetic  fields 
up  to  14.5  T,  temperatures  down  to  0.4  K  and  at  different  angles 
between  the  grain  boundary  plane  and  the  magnetic  field. 

For  magnetic  fields  perpendicular  to  the  grain  boundary  interface 
a  complicated  pattern  of  Shubnikov-  de  Haas  oscillations  and  well 
developed  quantum  Hall  plateaux  with  the  quantum  numbers  j=  7  and 
j=  9  are  observed  at  a  HgCdTe  sample. 

A  cosine  dependence  of  the  Hall  coefficient  and  the  oscillation 
period  of  the  ground  subband  in  tilted  fields  was  found  for  both 
InSb  and  HgCdTe  blcrystals,  whereas  the  first  excited  subband 
showed  remarkable  deviations  from  the  two  dimensional  behaviour. 
From  these  deviations,  an  e  t'mate  c ;  the  spatial  extension  of 
the  wave  function  is  jlveii.  The  diamagnetic  Shubnikov-  de  Haas 
effect  yields  depopulation  fields  which  can  be  explained  within 
the  Reislnger-  Koch  model. 

First  results  of  cyclotron  resonance  measurements  show  well  sepa¬ 
rated  transmission  dips  for  different  subband  masses  at  HgCdTe 
blcrysta 1 s . 

Correspondence  to;  Dr.  G.  Nachtwei  (address  as  above) 
fax:  Berlin  (Ost)  372  /  2803  477 
Tel;  2B03  347 
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Phonon-Assisted  Interband  Magneto-Optical 
Transitions  in  HgCdMoTe 

W.  Zawadzki*.  E.  Dudziak*,  L.  Z.  Jedral*, 

E.  Placzek-Popko*.  and  J.  Bozym* 

’institute  of  Physics,  Polish  Academy  of  Sciences 
Warsaw,  Poland  02-668 

Institute  of  Physics,  Technical  University  of  Wroclaw 
Wroclaw,  Poland  50-370 

Magneto-optical  properties  of  narrow-gap  Hg,.^_yCd^MnyTe  photo-diodes  have 
been  investigated.  The  samples  were  grown  by  isothermal  vapor  phase  epitaxy,  they 
had  a  Cd  content  of  x  <  0.22,  a  Mn  content  of  y  <  0.012,  and  were  characterized  by 
the  energy  gaps  70  <  Eg  <  150  meV.  Optical  measurements  were  performed  in  the 
Faraday  configuration  with  the  use  of  circularly  polarized  light. 

The  photovoltaic  effect  showed  oscillatory  behavior,  related  to  the  interband  f,  -•  T, 
magneto-optical  transitions.  The  data  were  analyzed  using  the  Pidgeon-Brown  model, 
completed  by  the  exchange  terms.  In  addition  to  the  usual  interband  transitions,  well 
described  by  the  theory,  we  have  observed  for  the  first  time  interband  magneto¬ 
optical  transitions  assisted  by  the  emission  of  optic  phonons.  The  measured  phonon 
energies  were  15.8  <  <  17  meV,  depending  on  the  chemical  composition  of  the 

sample. 

A  detailed  theoretical  analysis  has  shown  that  the  inetrband  phonon-assisted 
transitions  possess  resonant  character  only  if  they  originate  from  the  "camel-back" 
shaped  F,  Landau  subbands  rnf'^z)  Thus,  our  observation  confirms  the  existence  of 
“camel-back  "  F,  subbands,  which  have  been  predicted  theoretically  for  a  long  time, 
but  never  observed. 
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Band  Offsets  in  Eu-containing  Lead  Chalcogenides  and  Lead 
Chalcogenide  Superlattices  from  Spectroscopical  Data 
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A.  I.  Fedorenko,  O.  A.  Mironov,  A.  Y.  Sipatov" 

"  Humboldt-Universitat  Berlin,  Institut  fiir  Festkorperphysik,  0-1040  Berlin,  FRG 
Fraunhofer-Institut  fur  Physikalische  MeBtechnik,  W-7800  Freiburg,  FRG 
Lomonossov  Moscow  State  University,  117  234  Moscow,  Russia 
Polytechnical  Institute  Charkov,  Ukraina 


The  results  of  an  experimental  study  of  the  optical  (transmittance,  luminescence)  and 
photoelectrical  properties  (photocurrent  exciting  spectroscopy,  photocurrent  decay)  of 
europium  containing  alloys  ((Pb,Eu)Se,  (Pb,Eu)S)  and  superlattices  (PbS-EuS,  PbSe-PbS) 
are  presented. 

From  the  study  of  the  alloy  properties  in  the  narrow-gap  region  a  model  of  the 
bandstructure  of  the  mixed  crystal  system  for  rather  small  Eu  contents  was  deduced.  The 
extrapolation  of  these  data  to  the  binary  wide-gap  components  (EuSe,  EuS)  allows  estimating 
the  band  offsets. 

From  the  fit  of  luminescence  spectra  from  PbS-EuS  and  PbSe-PbS  superlattices 
independent  band  offset  data  are  obtained. 

Both  sets  of  data  confirm  the  thesis,  that  the  valence  band  edges  of  the  lead  chalcogenides 
(PbSe,PbS)  formed  by  the  p-orbitals  of  the  chalcogenes  have  a  comparable  distance  to  the 
vacuum  level  as  the  valence  band  edges  of  the  europium  chalcogenides  formed  by  the  4f- 
orbitals  of  the  europium  atoms. 
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SHUBNIKOV-de  HAAS  OSCILLATIONS  IN  Cd3(ASxP,.x)2 


A.  Nateprov  *  3,  I.  Laue  M.  von  Orienberg  3,  and  E.  Arushanov  b 

3  Institut  fiir  Halbleiterphysik  und  Optik,  Hochmagneifeldanlage,  Technische 
Universitat  Braunschweig, 
p-3300  Braunschweig,  F.R.  Germany 
°  Institute  of  Applied  Physics,  Kishinev,  Moldavia 


In  the  ternary  semiconductor  CdT(As,P|.j)2  for  x=0.70  the  forbidden  gap  vanishes. 
It  was  shown  earlier  by  [1]  that  Tor  this  situation  the  evaluation  of  the  Shubnikov-de 
Haas  (SdH)  yields  a  spherical  Fermi  surface  for  the  electrons  involved  with  a 
cyclotron  mass  mg=  (0.05  ±  0.01)mQ  for  a  carrier  concentration  of  n  =  1. 8*10^4 
m‘3  .  We  report  now  on  SdH  experiments  in  a  variety  of  CdjfAs^Pj.^h  with 
different  values  of  x  near  the  zero-gap  condition.  "As  grown”  samples  were  obtained 
by  the  sublimation  technique.  The 
measurements  were  carried  out  in  in  the 
2  -  10  K  temperature  range  in  quasi¬ 
stationary  magnetic  fields  up  to  17  T 
using  Bitter  solenoids.  Interesting 
results  were  obtained  for  samples  with  x 
=  0.68  ±  0.03  exhibiting  an  electron 
concentratjOT  from  the  Hall  effect  of  n 
=  2.6*1023  m'3  and  a  mobility  liu  = 

5.6  mV(Vs)  at  4.2  K.  SdFMike 
oscillations  were  observed  in  both  the 
transverse  magneloresi stance  (curves  I, 

2)  and  the  Hall  voltage  (curve  3).  A 
splitting  of  the  n  =  0  and  n  =  I 
quantum  states  (see  curve  I)  is  clearly 
resolved  for  a  40°  angle  between  the 
C4-axis  and  the  external  magnetic  field 
B.  An  unexpected  result  is  the 
disagreement  between  the  electron  concentrations  as  calculated  from  Hall  and  SdH 
effects  respectively  (nu/ng^if^  =  3.9  ).  Comparison  of  our  data  with  those  reported  in 
[1]  suggests  that  the  Fermi  surface  of  Cd3(A^P|.^)2  st  the  electron  concentration  of 
n  =  2.6*  10^3  m'3  is  more  complex  than  or  the  spierical,  single-valley  type.  This 
may  result  from  the  influence  of  lattice  vacancies  on  the  energy  band  structure  of 
“^3  *^2^^  compounds  as  predicted  by  (2). 


[1]  E.K.  Arushanov  et  al.,  Sov,  Phys.  Semicond.  16,  1216(1982) 

[2]  B.  Plenkiewicz,  P.R.  Wal'ace.  P.  Plenkiewicz,  Solid  State  Comm.  SO. 
681  (1984) 


*  On  leave  of  absence  from  Institute  of  Applied  Physics,  Kishinev,  Moldavia 
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Excess  currents  In  narrow  gap  Cd^Hg, _^Te  p-n  Junctions 
N.L. Bazhenov,  S.I.Gasanov,  V.I.Ivanov-Omskll 
A. F. Ioffe  Physlco-Technlcal  Institute,  St. -Petersburg,  Russia 

The  performance  of  IR  photodiodes  fabricated  in  narrow  gap 
semiconductors  Is  limited  by  the  value  of  dark  reverse  currents. 
In  some  cases  the  value  of  reverse  current  exceeds  one  calculated 
taking  Into  account  the  well  known  mechanisms  -  thermally  gene¬ 
rated  current,  band  to  band  and  trap  to  band  tunneling  current  . 

The  starting  material  was  undoped  LPE  epylayers  with  hole 
concentration  about  10^®  cm“^.  The  photodiodes  have  been  formed 
by  Implanting  boron.  It  was  shown  that  the  current- voltage  cha¬ 
racteristics  of  the  samples  with  excess  currents  had  peculiari¬ 
ties.  The  excess  currents  proved  to  be  connected  with  the  fluctu¬ 
ations  of  charged  Impurities  density  which  changed  the  local 
transparency  of  the  barriers.  A  quantitative  analysis  of  current- 
voltage  characteristics  baaed  on  the  Ralch-Ruzln  theory  [11  was 
made.  The  analysis  indicated  that  the  samples  with  excess 
currents  were  strongly  compensated.  The  Influence  of  the  compen¬ 
sation  degree  on  the  excess  currents  as  well  as  on  the  dark 
current  nonuniformity  In  the  multi  element  system  are  discussed. 

1.  Raich  M.E.,  Ruzln  I.M.  Physlca  1  Technlka  poluprovodnlkov 
(Sov.  Phys.  Semlcond. ),1985,  v.19,  p.1217  (In  Russian). 
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ABSTRACT 


There  is  a  need  to  predict  photodiode  parameters  from 
measurable  material  properties  in  CdxHqj.^Te,  (  CMT  )  . 
These  properties  are  doping  levels  in  both  the  p-type  and 
n-type  sides,  minority  carrier  lifetimes  and  mobilities, 
intrinsic  carrier  concentration  and  composition, x.  This 
paper  is  primarily  concerned  with  the  electron  mobility 
in  p-type  material.  Electron  mobility  values  in  n-type 
material  are  well  established  from  Hall  effect 
measurements,  however,  in  p-type  material  these  values 
are  li)cely  to  be  lower  due  to  both  ionised  impurity  and 
electron-hole  scattering  mechanisms.  In  this  work,  the 
electron  mobility  has  been  deduced  from  the  variation  of 
the  reverse  saturation  current  (  )  with  magnetic 

field  1^1.  Measurements  as  a  function  of  temperature  (  77K 
-  room  temperature  )  have  been  performed  on  cylindrical  ( 
LOOPHOLE  )  diodes  made  in  epitaxially-grown  CMT  layers. 
The  measured  mobilities  are  considerably  below  those 
obtained  in  low  doped  n-type  material  which  can  largely 
be  accounted  for  using  ionised  Impurity  scattering 
Comparisons  are  made  between  these  measured  electron 
mobilities  and  values  derived  from  theoretical  fitting  to 
Hall  data.  This  shows  that  the  mobility  ratio,  b  is  not, 
in  general,  constant  with  temperature.  The  measured 
values  of  the  electron  mobility  have  been  used  in 
determining  steady  state  lifetimes  measures  in  the  same 
samplesl^l.  Finally,  these  lifetimes  have  been  compared  to 
values  predicted  from  diffusion  length  measurements,  from 
Electron  Beam  Induced  Current  (  EBIC  )  studies,  in  the 
same  diode  arrays. 


(1)  F.E.  Schacham  and  E.Finkman, 
J.Vac.Sci.Technol. ,A7{2) , (1989) ,378 

(2)  D.L.  Rode,  Phys. Rev. B, 3(10) (1971) ,3287. 

(3)  S. Barton  et  al.  (  this  conference  ) 
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(Hg,Cd)Te  layers  grown  by  MBE  on  GaAs  using  different  buffer 
layers 
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K.  H.  Herrmann,  W.  Hoerstel,  K.-P.  Mditmann,  J.  W.  Tomm^ 

Humboldt-Universitat  Berlin,  Institut  fur  Kristallographie  und  Materialforschung, 
0-1040  Berlin,  FRG 

^  Humboldt-Universitat  Berlin,  Institut  fur  Festkorperphysik,  0-1040  Berlin,  FRG 

GaAs  is  a  common  substrate  material  for  Molecular  Beam  Epitaxy  of  11-VI  compounds. 
The  lattice  mismatch  between  (Hg,Cd)Te  and  GaAs  is  more  than  14  %.  In  order  to  obtain 
(100)  epitaxial  overgrowth  only,  a  thin  ZnTe  layer  is  grown  first.  In  order  to  reduce  the 
effect  of  the  large  misfit,  different  buffer  layers  were  applied. 

In  this  paper  the  following  buffer  layers  are  investigated:  CdTe  layers  of  various 
thickness,  (Cd,Zn)Te  of  different  composition  and  thickness,  and  superlattices  of  the  types 
CdTe/ZnTe  as  well  as  CdTe/(Cd,Zn)Te.  The  narrow-gap  top  layer  was  investigated  by  the 
following  methods: 

-  X-ray  diffraction, 

-  infrared  photoluminescence  excited  with  c.w.  and  pulsed  YAG  laser, 

-  galvanomagnetic  measurements, 

-  photoconductivity  spectroscopy  and  p.c.  decay. 

The  properties  of  (Hg,Cd)Te  layers  grown  on  different  buffers  are  compared  with  each 
other. 

The  recombination  of  non-equilibrium  carriers  is  strongly  influenced  by  the  different  kinds 
of  buffer  layers.  This  will  be  related  with  the  influence  of  the  buffer  layer  on 
crystallographic  perfection  and  impurity  accumulation  at  the  interfaces. 
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Identification  of  Extended  Defects  in  n>Hg,.,Cd,Te  by  Galvanomagnetic  Measurements 

N.N.  Berchenko',  J.S.  Budzhak^  K.R.  Kurbanov'  andG.  Sasvari'’* 

'  Lvov  Polytechnical  Institute,  Lvov,  Ukraine 

Research  Institute  forTechnical  Physics  of  the  Hungarian  Academy  of  Sciences,  Budapest, 
Hungary 

In  this  work  we  show  that  the  measurement  of  the  Hall  constant,  R(H),  versus  the  magnetic 
field  in  n-Hg,  ,Cd,Tc  at  77K  permits  to  identify  and  characterize  extended  defects.  Bulk, 
stochiometrically  annealed  crystals  of  Hg,,Cd,Te  (x  =  0.2,  n<  2x1  O'*  cm’, 
p  >  2x  lO’  cm’A'sec  at  77  K)  were  studied.  R(H)  was  measured  in  the  range  of  0. 1  -  L6  kG  for 
steady  and  up  lOOkG  in  pulsed  magnetic  fields.  Based  on  the  behaviour  of  the  R(H)  curves 
obtained  on  a  great  number  of  samples  they  can  be  classified  into  three  groups.  The  first  group, 
to  which  the  most  perfect  crystals  belong,  is  characterized  with  the  classical  field  dependence 
of  R(H)  consisting  of  two  plateaux  in  weak  and  strong  (S3  kG)  magnetic  fields  in  agreement 
with  the  theoretical  value  of  Hall-factor  in  n-Hg,,,Cd,Tc.  For  samples  belonging  to  the  second 
group,  a  minimum  appears  on  the  R(H)  curve  between  the  plateaux  due  to  the  influence  of 
isolated  inhomegeneities  having  higher  conductivity  than  the  conductivity  of  the  surrounding 
medium.  These  are  presumably  Te-rich  precipitates  transformed  during  the  anneal  into  HgTe 
inclusions .  The  distinctive  feature  of  the  third  group  is  a  monotonous  decrease  of  R(H),  reaching 
saturation  in  fields  >  50  kG.  This  is  attributed  to  a  second  set  of  electrons,  which  appear  when 
the  dislocation  density  in  the  sub  grain  boundaries  exceeds  a  critical  value  at  a  certain 
misorientation  along  the  boundary,  corresponding  to  the  appearance  of  percolation  threshold. 

Finally  the  influence  of  such  defects  on  electron  localisation  in  Hg|.,Cd,Te  at  low 
temperatures  is  discussed. 
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CRYSTALLIZATION  OF  HgSe  BULK  CRYSTALS  UNDER  HIGH  GAS  PRESSURE 
AND  THEIR  ELECTRICAL  CHARACTERISATION 


J. C. Tedenac,  H. C. Rdcord,  R. H, Ayral-Harin 
Laboratoire  de  Physlcochlmle  des  materlaux, 

Unlversite  de  Montpellier  II,  Sciences  et  Techniques  du 
Languedoc,  34095  Montpellier  cedex  5,  France 

L. Konczewlcz*»  J. Jun 

"Unlpress",  High  Pressure  Research  Center  of  Polish  Academy  of 
Sciences.  01-142  Warsaw,  Poland 

J. L. Robert 

Groupe  d‘ Etudes  des  Semlconducteurs, 

Unlversite  de  Montpellier  II,  Sciences  et  Techniques  du 
Languedoc,  34095  Montpellier  cedex  5,  France 


ABSTRACT  : 

The  gradient  freeze  method,  under  high  pressure  conditions, 
was  applied  to  elaborate  the  bulk  HgSe  material.  A  tree  zones 
furnace. special ly  constructed,  with  possibility  of  programmable 
gradient  was  Installed  inside  a  gas  pressure  chamber  of  30  mm 
internal  diameter  and  the  experiments  were  carried  out  under  gas 
pressure  of  argon  or  nitrogen  up  to  1.5  GPa.  The  crystals  grown 
under  different  pressure  conditions  for  the  two  of  gas  medium  were 
characterised  by  electrical  transport  measurements.  The  Hall 
effect  and  conductivity  were  studied  as  a  function  of  pressure  (up 
to  1.3  GPa)  and  temperature  (In  the  range  4.2  -  300  K) 

•  present  address  : 

Groupe  d' Etudes  des  Semlconducteurs, 

Unlversite  de  Montpellier  II.  Sciences  et  Techniques  du 

Languedoc,  34095  Montpellier  cedex  5,  France 
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r  I'riUM  iN  iJiJAJ'iibM  iUTL)  i 'ir  .  /  /  i  NAXHijW  ijAr' 

.Sr.'Mi  CONDUCTORS 

V . K .  L'i4;'aov ,  V.  i .  Li  tv  irinv,  Q.A.Mironuv,  T.  P.  Petrov 

Institute  III  Radiophysi-rs  &  Eieptreniss,  Academy  of  Sci.ol  Ukraine. 
!?  Acad.  Proskitra  5t.  .Kheirkov  Ukraine,  FAX:  (I -Ub'IP )44- 1  I  Ob 

M.Os.cwaldowski 

Technical  University  of  pocrian,  Piotrowo  3,  6U-‘J6b  Poznan,  Poland 

We  calculated  the  size-quantised  levels  of  a  system  consi¬ 
sting  of  two  narrow-gap  semiconductor  materials  with  different 
energy  gaps.  For  instance  it  could  be  a  small  PbSnTe  ball  inside 
a  PbTe  sample.  Such  a  quantum  dot  is  assumed  to  be  spherically 
symmetric.  Since  the  bare  energy  spectrum  anisotropy  varies 
sufticiently  for  IV-VI  semiconductors,  we  had  to  consider  two 
extreme  cases  of  weak  and  strong  anisotropy. In  the  first  case  the 
problem  is  entirely  spherical  symmetric  and  it  aiiows  us  to  look 
for  solutions  in  terms  of  spherical  spinors.  The  initial  Hamilto¬ 
nian  IS  taken  in  a  Dirac  form  which  includes  interband  transiti¬ 
ons  with  possible  spin  changes.  When  considering  the  problem  we 
ran  into  two  possibi 1 ities  related  with  relative  signs  of  energy 
gap  parameters.  While  the  real  gap  is  always  positive  the  gap  pa¬ 
rameters  can  have  noth  signs.  In  the  normal  case  of  equal  signs 
for  semiconductors  inside  and  outside  the  ball  we  obtained  by 
numerical  calculations  the  dependences  of  energy  levels  upon  the 
ball  radius.  In  the  opposite  band- inverted  case  of  different 
signs  we  obtain  the  system  of  levels  for  boundary  states. The  wave 
functions  of  these  boundary  states  are  localised  in  the  vicinity 
of  a  ball  surface.  They  correspond  to  the  Weyi  states  in  plEine 
bEind- inverted  contacts. investigated  by  b. Volkov  smd  O-PEinkratovl  I  1. 

We  also  investigated  the  case  of  strong  anisotropy.  For  the 
Dirac  model  under  'consideration  it  is  the  anisotropy  of  interband 
interaction  paLrameters  for  one  valley.  The  different  valleys  are 
inriependert  in  the  model.  With  this  £»rsumpt'.on  wo  'calculated  the 
size  quantised  ener/i^  spectrum  in  the  adiabatic  approximation. 

'.  b.A.Volki'V  and  ".A.l>ankifit"V.  JETD  Lett.  41/ ,  roc.!  1 'teb ) . 
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■  v'''".’, . “  i'i'f'liig  t  y  ioij  hv-um  Viva’:::--'!’.!. 

V .  J .  J  variLiv -um.sK]  1 ,  K.K. Mironov,  K.ii.Mynbaev 

A.l. Ici'fe  Pliysli'o-JeclinlcaJ  inslir.ute 
i94uyl  Si.PelertiDm'g,  Hussla 

Low-energy  ion  treatment  ("lon-beam-mlillng",  IBM)  Is  know.’; 
to  be  the  efrective  way  to  convert  conductivity  type  and  create 
p-n  Junctions  In  p-Hg^ _^Gd^Te  (MCT)  li).  However,  real  meclianlsm 
of  conductivity  type  conversion  caused  by  IBM  lias  not  been  accu¬ 
rately  established  yet. 

To  specify  the  mechanism  and  to  evaluate  IBM  method  abili¬ 
ties,  the  effect  of  IBM  on  both  p-  and  n-type  epitaxial  layers 
and  bulk  crystals  of  MCT  with  x=0. 20-5-0.24  has  been  studied. 

We  have  suggested  that  the  process  of  conversion  was  causid 
by  Interstitial  mercury  generation,  its  diffusion  by  dissociative 
mechanism  and  subslqent  recombination  with  vacancies.  IBM  treat¬ 
ment  of  p-type  MCT  with  cm'^  was  found  to  result  In 
n-type  material  with  low  electron  concentration  (~io'^  cm"^). 
high  mobility  (>10^  cm^/V-s)  and  carrier  lifetime  (>2  ps)  for 
x=0.22  composition  at  77  K.  Application  of  IBM  treatment  to  n- 
type  material  makes  It  possible  to  increase  electron  mobility  and 
to  obtain  practically  uncompensated  material.  The  electron  con¬ 
centration  In  subjected  to  IBM  samples  was  prx)portlonal  to  the 
concentration  of  uncompensated  acceptors  in  initial  material.  The 
reason  Is  that  generation  of  acceptor  defects  during  pre-IBM  an¬ 
nealing  is  accompanied  by  appearance  of  donor  ones.  This  effect 
seems  to  clear  up  the  direct  way  to  control  the  properties  of  ma¬ 
terial  subjected  to  IBM  by  varying  pre-IBM  annealing  conditions. 

IBM  treatment  abilities  In  application  to  device  multiele¬ 
ment  structures  (photodiodes  and  photoconductors)  have  been  de¬ 
monstrated.  It  have  been  shown  that  using  IBM  It  was  possible  to 
obtain  p-n  Junctions  with  dark  reverse  currents  less  than  In  Ion 
Implanted  ones.  The  main  dark  currents  mechanisms  and  photoelec¬ 
tric  parameters  have  been  investigated  on  IBM  high-performance 
photodiodes  In  the  temperature  range  2U+300  K. 


M)  C.T. Elliott  et  al.  El. Letters.  1987.  v.23,  N  19.  p.978-s»Y9. 
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ASSL^SMI  N  I  ()!  I)()l»i:i)  Ctl^Htii  ,  Ic  S’l  KHCj  IjKI.S  (ISINCi 

Hi:vi:i.i.r.i)  si. (~i  ions 

I  (i  (lalc,  (■  1)  Maxcy  ami  ] U.CIcgg 
Philips  Research  1  aboraiories.  RerJhill,  Surrey.  II. K. 

SMuptoril,  S.liartDii,  P.('ap|x‘r  ami  ( M  .Jones 
I’hilips  Inlrared  Deleilce  (  oin|Kiiienls,  Soiilhaiiiplon.  Hauls.,  II. K. 

AISSIRAt~r 

l)o[K'd  luuiu)  and  helero  siriicuires  ol  ('d,Hi;|  ^le.  (('M  l  ),  are  required  tor  some  ty[X.*s  ot 
ness  eener.ilion  dewses  l  liese  struclnrcs  hare  been  yroun  l>v  Melai-Orfranie  Vapour  Phase 
(  pil.iss  (M<)\  I’l  1  al  Psir'l  onioboih  (  d  I  e  and  (iaAs  ibuHered  ssilli  (  ille)  siibsiraies.  I  he 
siructures  ssere  prorhiceil  iisine  I'olh  acceplor  ami  ilonor  dopinj:.  ssith  arsenic  and  iodine 
respecloeh  .  .ind  die  innclions  lornied  lollossinj! annealinp  in  Hp  loeliininaie  nieial  vacancies. 
Ihis  paper  sninniarises  proeress  in  ch.iraclerisiipe  these  niiiclioiis  both  in  terms  ot  \  and 
eleclneal  behaviour,  lechniqiies  .ire  described  tor  inakine  bevel  sections  by  eillier  angle- 
polishing,  chetnie.il  etvhing  or  ion  lieaiii  rasienng  in  a  Secondarv  Ion  Mass  Spectrometry 
iSIMSt  iiisiruitteni .  Dcl.iivu  surl.ice  proliles  were  taken  to  ensure  that  .icciiraie  |X)silional 
iiilornialnin  on  pinclioiis  coiild  be  obtaineil.  Assessment  on  lliesv-  bevels  has  includei.1  .Auger 
i.leciron  Speetrometrv  l  Al  St  proliling  to  determine  s  variations  and  I  leciron  Beam  Induced 
(  tirreni  (i  BIO  measurement  to  reve.il  the  i>osiiion  (to  within  a  I)  s  pint  and  width  ol  the 
electrical  iimetKiii,  lins  uitormatioii  Ciin  then  be  linked  tr>  the  diip.mi  priililes  ilelernnned  by 
SIMS  iind  the  position  ot  the  eleetric.il  tniiv  tioii  estiinated  trom  il.ill  and  vtrqr  deirth  firoliling, 
Aitreement  has  been  toiind  between  the  various  techniques  wilh  reg.ird  to  the  |rosilion  ol  the 
electrical  lunclion.  A  comparison  is  made  between  the  position  ol  the  electrical  pmclion  and 
the  position  ol  the  s  ch.inge  within  a  helero  striiclure  Narrow  mieit.ice  widths  have  been 
revealed,  by  APS.  between  the  (laAs  subsiraie  and  (  die  butler  ((1. 1  pint  ,ind  between  both 
the  (  d  ie  butler  and  the  ( 'M  l  laser  .iiid  the  s  ch.iiige  w  iilmi  the  (  M  I  lieieiolavers.  |()..S  pm) 
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EFFECT  OF  TRAP  ATHERMAL  RECHARGE  ON  DLTS  MEASUREMENTS 
IN  NARROW  GAP  SEMICONDUCTORS 

Soltanovich  O.A.,  Yakimov  E.B.,  Yarykin  N.A. 

Institute  of  Microelectronics  Technology, 

Russian  Academy  of  Science 
Chernogolovka  Moscow  distr.,  Russia  142432 

Investigation  of  deep  level  centers  in  narrow  gap 
semiconductors  is  very  important  because  these  centers  control 
recombination  properties  of  materials  and  parameters  of  related 
devices.  Deep  level  transient  spectroscopy  (DLTS)  based  on  the 
analysis  of  carrier  thermal  emission  from  non-equilibrium  filled 
traps  is  widely  used  for  deep  level  defect  characterization.  As  the 
probability  of  the  processes  which  can  be  responsible  for  trap 
athermal  recharge  (e.g.  tunneling)  in  narrow  gap  semiconductors  is 
sufficiently  high,  an  effect  of  these  processes  on  DLTS  spectra  is 
expected  to  be  especially  remarkable. 

The  DLTS  signal  simulation  is  made  taking  into  account 
athermal  recharge  of  deep  levels  competing  with  their  thermal 
emptying  during  DLTS  measurements.  The  shape  of  the  DLTS  curves  is 
found  to  be  dependent  on  whether  athermal  emptying  or  athermal 
filling  of  traps  occurs.  In  the  frame  of  the  model  assuming  the 
athermal  recharge  rate  to  be  constant  with  distance  from  junction 
plane  the  possibility  to  obtain  correct  deep  level  center 
parameters  and  to  estimate  athermal  recharge  rate  is  demonstrated. 

An  analysis  of  DLTS  peak  amplitude  vs  "rate  window"  dependence 
observed  on  (i-Hg ^ _^Cd^Te  crystals  with  x=0.2  and  x=0.4  is 
performed.  It  is  shown  that  such  behavior  is  likely  due  to  athermal 
filling  of  deep  levels  by  majority  carriers  during  DLTS 
measurements.  Iwo  possible  ways  of  athermal  filling  of  deep  levels 
(conductance  band  -  deep  level  tunneling  and  hole  capture  due  to 
leakage  current)  with  various  dependences  of  athermal  filling  rate 
versus  distance  from  the  junction  plane  were  considered.  Comparison 
of  experimental  dependences  of  DLTS  peak  amplitude  vs  "rate  window" 
with  calculated  ones  has  allowed  to  determine  the  most  probable 

mechanism  of  trap  athermal  filling  for  p-Hg  Cd  Te  crystals 
with  x=0.4  .  1  X  H 
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Cavity  structure  effects  on  CdxHgi-xTe  photopuinped 
heterostructure  lasers. 

J.Bonnet-damard,  J.Bleuse,  H.Mariettc^,  L.UInier,  N.Magnea,  and  j.-L.Pautra! 

DRF-MC/  SP2M/  Laboratoire  dc  Physique  des  ScmicondLicteurs 
Centre  d'Etudes  Niiclcaires  de  Grenoble 
85X  F-38041  Grenoble  CEDEX 

^Laboratoire  de  Spectrometrie  Physique  (CNRS  -  URA  08) 

Universi:e  Joseph  Fourier.  Grenoble  I 


.Separate  confinement  beterostruciures  (SCH)  designed  (or  laser  emission  in 
the  range  from  2  to  2.5  pm  were  grown  by  molecular  beam  epitaxy.  Under 
pulsed  photoexcitation,  they  display  stimulated  emission  up  to  room 
temperature[*|.  In  the  present  work,  we  particularly  studied  the  effect  ot  the 
nature  ot  the  active  layer,  and  lateral  confinement  of  photons  through  gain 
guiding,  provided  by  the  suppression  ot  the  luminescence  by  ion  implaiv  ..lOn 
Lasing  characteristics  of  a  SCI-I  laser  with  a  ’bulk-lik."'  i  cuve  layer  are 
compared  with  those  of  an  identical  laser  whose  aciive  layer  is  made  of  6 
quantum  wells,  100  A  wide  The  consequences  of  'he  non-identity  of  the  wells' 
thickness  are  investigated. 

Boron  ion  implantation,  at  accelerating  voltages  ot  150  to  200  keV,  and  doses 
of  101’  to  10'’  cm  ’  strongly  reduces  the  luminescence  intensity  from  the  buried 
ac  tive  layer  ot  SCI  I  laser  structures,  which  is  approximativciy  0.5  pm  deep.  For 
photolithographic  requirements,  a  .5  pm-thick  resist  layer  is  enough  to  protect 

the  underlying  sample.  We  tberelore  use  implantation  through  a  resist  mask  to  t 

define  5  to  50  pm-wide  bands  of  intact  material.  These  bands  are  perpendicular 
to  the  cleaved  facets  used  as  cavity  mirrors.  Lasing  characteristics  ot  such 
structures  are  presented. 

[■]  J.Bleuse,  N.Magnea,  L. Ulmer.  J. -L.I’autrat,  and  FLMariette,  proceedings 
ot  the  Fifth  International  ('onference  on  II-Vl  Gompounds,  Tamano, 

Okayama,  Japan,  1991,  to  be  published  in  J.  Oyst.  Growth. 
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The  Performance  of  p*-n  Hg,.,Cd,Te 
Photodiodes 

A.  Rogalski,  A.  Joswikowaka,  K.  Joswlkowski  and  J.  Rutkowskl 
instituta  of  Tachnloal  Phyaiea,  WAT,  01-489  Waraaw  49,  Poland 

In  the  last  decade  HgCdTe  photovoltaic  detector  technology 
efforts  focused  almost  evclusively  on  n*-p  junctions.  The  main 
problem  in  fabrication  of  these  photodiodes  is  probably  connected 
with  surface  control  of  the  p-side  of  junctions.'"  However,  in  1985 
RogalsKi  and  Larkowski®  indicated  that  due  to  low  mobility  of  holes 
in  n-type  region  of  p*-n  junctions,  diffusion  limited  R^  product 
of  such  junctions  is  larger  than  for  n*-p  ones.  This  prediction  has 
been  recently  confirmed  by  several  papers. 

In  the  paper  the  performance  of  p*-n  photodiodes  in  comparison 
with  n*-p  ones  is  analyzed.  The  consideration  are  carried  out  for 
the  77-300  K  temperature  region  and  3-15  ;im  cutoff  wavelengths.  The 
effects  of  doping  profiles  on  the  photodiode  parameters  (R„A 
product,  quantum  efficiency)  is  solved  by  forward-conduction 
steady-state  analysis.®  The  influence  of  different  junction  current 
compositions  (diffusion  current  for  radiative  and  Auger  1 
recombination  mechanism,  tunneling  and  depletion  layer  currents)  on 
the  R„A  product  is  considered.  It  is  clearly  shown  that  the  R„A 
product  for  p*-n  junctions  is  higher  especially  for  long  wavelength 
photodiodes.  In  medium  wavelength  region  the  R„A  product  for  both 
type  of  junctions  is  similar,  because  it  is  determined  by  depletion 
layer  current.  Results  of  calculations  are  compared  with 
experimental  data  reported  by  several  authors.  An  attempt  is  made 
to  explain  the  discrepancy  between  theoretical  calculations  and 
experimental  data. 
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Removal  of  Oxygen  and  Carbon 
Contamination  from  (100)  CdZnTe 
Substrates 
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l<'  is  iiii  siitisl for  iiifiaii'<l  (Ictciiors  <oiilaiiiing  i-illipr  MrCiI  I'c  or 

iln'/n Tc  li<'(aiisc  it  olfors  liinaliility  of  tin-  lalliro  <oMs(anl  and  band  Rap.  I  In*  lattice 
(  onstani  varies  fioni  (i.  lO'j  A  for  Zn  le  to  (>.  Ixl  A  for  ('d  ie  and  can  be-  lattice  inatclic'd  to 
llii(  'd  ie  or  lIgZ.n  le  alloys. 

Siirfaii'  trealnieiit  is  very  iniportaiit  for  both  dc-vicc-  processing  and  .\IHH  growth.  A 
nntitber  of  workers  have  rc-ccnily  stwdic-d  tfic’  surface-  of  ('die  snbstratc-s  witli  various 
, male  tic  al  tools,  suc  h  as  X  ray  pholoelec  t ron  spe-c  t rose opy  (Xl’S)  and  Angc-r  electron 
Spectroscopy  (.\KS|.  In  this  iiivc-sligation  wc-  have-  einploycsl  .Xl’S  and  the  rellection  of 
high  energy  elc-ctron  clilfraclion  (IfllKKI))  tosliicly  various  in  situ  ch-ardiig  tc-chnic|iic‘s. 

Healing  CdZ.n  Ic-  (Z.n  I'X  )  sid>slratc-s  at  dIKI  '( '  c  an  eliininale  o.wgen  conlaininalion. 
bill  I  an  not  (ciniplelely  remove  carbon  from  I  he  siirlac  c-.  Mealing  at  higher  Ic-mpc-raliires 
decreases  the  carbon  contamination  only  slightly,  while*  inerc-asing  the  Zn  to  Cel  ratio  on 
the  surface  considerably,  which  alfc-cls  the  Ccr/nle  (Zn  I'X)  surface  .stoichiometry.  We 
have*  found  that,  carbon  contamination  c-cmici  be-  nc'<,rly  c-liminatc-cl  from  the-  surface  by 
spnilering  with  Argon  ions  at  an  incicleni  angle  ranging  belwee-n  20  and  bO''  at  lem- 
lieralnres  belwc-en  200  and  2.")0  ’('.  Ihc-  Itlll'.l.l)  pattern  after  spnilering  under  thesc- 
ciiiidilions  displays  (2  >  I)  reconsl rnci ion. 
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INFRARED  ABSORPTION  AND  STRUCTURAL  PROPERTIES  OF 
HgCdTe  QUANTUM  WELLS 

by 

Richard  Sizmann,  Torbjem  Skauli,  Thierry  Colin,  Kjersti  Gjonnes  and  Siian  Lovold 
Norwegian  Defence  Research  Establishment 
P  O  Box  25,  N-2007  Kjeller,  Norway 

We  study  the  growth,  infrared  absorption  and  structural  propenies  of  HgCdTe  quantum 
wells  with  =78%  Hg  (x  =  0.22)  between  CdTe  bairiers.  The  samples  are  grown  on 
(lll)B  CdTe  or  CdZnTe  substrates  in  a  Riber  MBE  machine.  We  can  grow  ’’twin  free” 
(less  than  2%  twins)  HgCdTe  with  X-Ray  (333)  rocking  curve  widths  less  than  50  arc 
sec  (FWHM),  measured  with  a  four-crystal  monochromator  X-ray  diffractometer.  We 
measure  the  structures  with  high  resolution  X-ray  diffraction  before  and  after  sample 
preparation,  in  order  to  determine  a  possible  change  in  the  structural  quality  with 
sample  preparation. 

The  infrared  absorption  of  the  quantum  wells  is  measured  in  a  waveguide  geometry 
with  the  light  incident  on  a  45“  polished  facet.  In  this  geometry  it  is  possible  to 
distinguish  between  absorption  of  light  polarized  parallel  and  perpendicular  to  the 
quantum  well  layers. 
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MAilNfl' .'lUiNELINi;  IN  Fb-p  He'VlTe  Sfi'iriKV  BAf?RIERS. 

V.V.Zav  ialov,  V  F  Radantsev 
Institute  of  Physics  &  Applied  hbtheirejt  ics 
of  Ural  University.  Ekatlier inhurg ,  Russia 

It  is  known  that  in  Kane  .semiconductors  the  tunneling  in  electric  E 

and  magnetic  H  fields  depaids  on  their  mjtuc.1  orientatican  and  nsgnitude 

ratio  [1],  At  Hj-E  under  the  condition  that  H>H  -  cE/s  (s  is  Kane  velo- 

cr 

city)  the  tunneling  current  is  supposed  to  vanish.  But  tunneling  in 
magnetic  limit  H  >H  for  Kane  semiconductors  was  not  investigated 

B 

experimentally  because  of  large  electric  fields  in  tunnel  diodes  E'lO  - 
7  2  5  2 

-10  V/cm  .  InSb  diode  where  E"  10  V/cm  was  not  investigated  in  this 

limit  also.  We  investigated  tunneling  in  parallel  and  crossed  fields  in 
Shottky  barriers  Pb-p-Hgj_^Cdj^Te  (x~  0.2.  0.3)  which  are  effective  for 
tunneling  at  atall  E'lO^  V/cm  lH^j.'10  kOe)  tt cause  of  narrow  energy 
gap  ~0,1  eV.  In  contrast  to  p-n  Junctions  it  is  easy  to  realize  in  Shot¬ 
tky  beu-rlers  the  condition  of  homogeneous  electric  field  which  is  im¬ 
portant  for  CCTiparison  with  theory.  TVinneling  current  at  H=  SOkCte  in 
both  orientations  decreases  aboute  ten  times.  In  parallel  fields  the 
magnitude  of  effect  is  in  accordance  with  theory  and  gives  correct 
value  of  electric  field  (according  to  E  determined  from  I-V  clviracte- 
rlstics  at  H=0).  At  Hu-E  orientation  any  peculiarities  near  were  not 
observed  in  contrast  +o  the  theory  [1]  In  the  whole  range  of  H-0-  (2- 
-5)H^^  the  magnetic  fieid  dependences  at  Hj-E  are  similar  to  those  at 
HUE.  Ebcperimental  results  for  the  case  HrE  may  be  explained  qiiante- 
tively  if  we  take  into  account  nonresonant  scattering  of  light  holes 
during  tunneling  under  barrier  [2)  The  length  of  scattering  determin¬ 
ed  from  the  ratio  of  tunnel  currents  for  two  orientations  is  proportio¬ 
nal  to  H  and  is  about  magnetic  length  as  to  be  expected  for  quantum 
diffusion  in  magnetic  field. 

1.  A.G.Aronov.  G.E  Ficus  .JETF  51.  281  (1968). 

2.  B.  I.Shklovakli.  A.L.Efro.o  JETF.  84.  811  (1983K 
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■STATIi'iNARY  iWRACrER  OF  2D  STATES  IN 
INVERSIuN  ANP  AfXTMJLATICW  LAYERS  CjN  ZEBY  GAP  teMTf- 

T.  I  Deryabina.  V . F .  Radantsev . 

L  ititute  of  Physics  &  Applied  Mathematics 
of  Ural  University,  Eltather inburg.  Russia. 

Recently  performed  numerical  calculations  [1.2]  showed  tlat  inter¬ 
band  tunneling  slightly  influences  broadening  and  energy  of  subbaiid 
levels  in  inversion  layers  on  narrow  gap  semiconductor  even  for  very 
snail  energy  gap  E^  We  present  experimental  evidence  of  such  airpri- 
sing  behavior  2DEC  in  inversion  and  accunulation  layers  on  gapless 
(Eg<0)  Hgj_^Cd^Te  was  investigated  by  using  capacitance  spectroscopy  in 

magnetic  fields.  Althouth  in  investigated  systems  with  E  <0  the  barrier 

g 

separating  subband  states  from  the  continuum  of  bulk  band  states  is  ab¬ 
sent  and  2D  states  are  supposed  to  be  resonant  states,  capacitance 
magnetoosc illations  are  distinctly  resolved.  Broadening  of  Landau 
levels  does  not  differ  from  that  in  Hg,  .^Cd  Te  with  E  >0  .  The  expe- 
rimental  subband  parameters  are  in  very  good  agreemarit  with  theoretical 
calculations, which  Ignore  the  interband  tunneling, Stationary  claracter 
of  2D  states  in  Kanes  semiconductor  may  be  understand  in  the  framework 
of  the  conception,  developed  for  the  description  of  vacuum  condensate 
of  electrons  near  the  nuclei  with  supercritical  charge  [3],  Even  for 
Eg-0  the  effective  quasirelatlvistic  potential  provides  nonpenetrating 
barrier  for  2D  states  with  energy  E(p)  >  is  Fermi  energy. s  is 

Kanes  velocity,  p  is  2D  mcmentum)  euid  such  states  are  true  stationary 
states  For  aiergy  Ep-ps  .'E  'Ep-  ps I'Ayr  +1  the  barrier  treinsmission  is 
exponentially  aiall.As  result  above  97%  of  subhand  states  are  well-de¬ 
fined.  If  we  take  into  account  spin  polarization  terms  in  effective  po¬ 
tential  the  all  states  turn  out  to  be  true  stationary. 

1  A. Ziegler,  U  Rossler,  Europhys,  lett.  8.  843,  (1989) 

2  F  Sobcowicz.  Semicond,  Sci.  Technol  b.  183,  (199(1) 

3  A  B  Migdal  et  al,  .IETF  Lett  24.  164  (1976) 
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'.'.FIN  RjLARU'Hj  IIMJELING  aKREMT  IN  METAl.- INSUIATOR-GAPLESt. 
rfUKUNlXICTTIH  STHUCTURES  IN  H«3ffiTIC  FIE:Ui. 

A. V.nemnanenlto,  V  V  Kruzhaev,  G.M.Minkov. 

E  L  Huinyantsev  &  O.E.Rut 

Institute  of  Physics  &  Applied  Mathenatics  of  the  Ural 
University.  Lenin  st  51  .Elcater inburg  620083,  Bissia 

Humeling  spectroscopy  In  quantized  magnetic  field  is  the  unique 
method  for  investigation  not  only  energy  spectrum  but  the 
peculiarities  of  belavior  of  states  near  the  surface. 

We  report  experimental  investigations  of  tunneling  conductivity 
oscillations  of  M-I-gapless  semiconductor  p-Hgj_^Cd  Te  {x<0.16) 
structures  at  different  orientations  of  magnetic  field  relative  to  the 
normal  to  the  surface  (n) ,  It  was  revealed  that  splitting  of 
oscillation  maxima  at  HHn  is  due  to  spin  splitting  of  landau  levels 
and  maxima  anplitudes  at  tunneling  into  both  spin  states  a"  and  "b  ' 
are  close.  When  magnetic  field  turns  from  HHn  the  anplltudes  of  lew 
bias  (l.e.  connected  with  tunneling  into  "a"  states)  maxima  decrease 
monotonously  and  at  Hxn  oscillations  due  to  tunneling  only  into  "b" 
states  are  observed.  Thus  at  Hun  spin -polarized  tunneling  current 
takes  place. 

Tlmneling  current  at  Hun  is  defined  by  dependencies  of  ^ 

(  V,  -velocity  operator)  and  energy  of  states  versus  distance  of 

oscillator  center  from  the  surface  (x  ).  (Xu:  theoretical  analysis  shows 

o 

tlot  in  gapless  semiconductors  with  spectrum  described  by  Luttlnger 
Hamiltonian  tliese  dependencies  are  different  for  a"  and  b"  states 
•.id  significantly  distinguish  from  those  in  semiconductor  with 
nondegenerate  band.  As  a  result  tlie  b  states  are  "attracted  to  the 
surface  and  It  leads  to  larger  contribution  of  these  states  to  the 
tunneling  current  at  Hun.  Tlus  tunneling  gpectroscopy .  for  the  first 
time,  made  it  possible  to  reveal  the  peculiarities  of  beliavior  of 
different  spin  states  near  the  surface  In  gapless  semiconductors. 
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Contactless  Local  Determinalion  of  the  Recombination  Parameters  of  Narrowgap 

Semiconductors  Using  the  Laser  Interferometry 

A.B.  Fedortsov,  Y.V.  Churkin,  A.S.  Ivanov,  K.F^ Komarovskikh,  D.G.  Letenko  and 

L.E.  Vor^jev* 

Northwest  Polytechn.  Inst.  S  Miliionnaja,  19106S,  St.  Petersburg,  Russia 
‘State  Techn.  University,  29  Polytechnicheskaya,  195251,  St.  Petersburg,  Russia 

The  presented  method  of  investigation  of  the  excitation  energy  of  the  recombination 
centers,  their  concentration,  electron  and  hole  cross  sections  of  these  centers  is  based  on  the 
analysis  of  the  electron  and  hole  lifetime  experimental  dependencies  |1].  Both  these 
dependencies  arc  measured  in  one  experiment  using  the  laser  interferometry  of  plane-parallel 
semiconductor  sample.  The  probing  beam  from  IR  COi-laser  passes  through  the  sample.  Its 
intensity  measured  by  photodetector  is  a  function  of  the  reflection  index  n  and  the  absorption 
coefficient  a  of  the  setruconductor  and  thus  of  the  electron  and  hole  concentrations.  The  sample 
is  also  illuminated  by  the  shortwave  laser,  which  generates  the  electron-hole  pairs  and  changes 
n  and  a  of  the  sample  and  so  modulates  the  intensity  of  the  probing  beam.  The  analysis  of  two 
modulation  values  measured  for  each  temperature  using  two  different  probing  beam  incidence 
angles  allows  to  determine  the  x,  and  X,  separately  (2|.  Using  the  wavelength  aitunable  source, 
for  example  our  CO-laser  (3],  for  the  excess  carriers  generation  one  can  determine  separately 
the  surface  recombination  velocity  and  bulk  lifetime  [4].  By  the  effective  focusing  of  the  laser 
beams  it  is  possible  to  investigate  recombination  parameters  locally.  We  have  investigated 
lifetime  dependencies  in  such  semiconductors  as  InSb,  CdgjH^vTe  in  the  internal  from  77K  to 
300K.  The  lowest  xvalues  we  can  measure  are  3.10"’  sec  and  the  locality  is  lOOpm. 

[1|  L.E,  Vorobjev,  D.G.  Letenko,  A.B.  Fedortsov,  Sov.  Teh.  Phys.  Lett.  17  (2),  to  be 
published. 

[2)  A.B.  Fedortsov,  Y.V.  Churkin,  Sov,  Teh.  Phys.  Utt.  14  (2),  142  (1988). 

(3J  D.G.  Letenko,  V.N.  Sawateev,  A.B.  Fedortsov,  Y.V.  Churkin,  Instr.  and  Exper.  Tech., 

to  be  published. 

(41  V.B.  Voronkov  et  al,  Sov.  Phys.  Tekch.  Phys.  36  (2),  to  be  published. 
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A  new  tecknlque  for  the  interpretation  of  photO'HaU  measurements  in  semiconductors 
J.I.L.  Hughes'  and  H.A.  MacKenzie’ 

*Now  with  Shell  Research  Ltd.,  Thocnton  Research  Centre,  Chester 
^Department  of  Physics,  Heriot-Watt  University,  Edinburgh  EH14  4AS 

A  new  method  of  intepretadon  of  photo-Hall  measurements  in  semiconductors  will  be 
described.  It  will  be  shown  that  previously  used  geometrical  scaling  factors  used  to  account  for 
small  areas  of  illumination  on  a  sample  are  only  valid  over  a  small  range  of  photo- generated 
carrier  concentrations.  A  model  has  been  developed  which  takes  an  arbitrary  geometry  Hall 
sample  with  an  incident  laser  beam,  and,  assuming  a  resultant  Gaussian  distribution  of 
photo-generated  carriers,  the  voltage  at  each  point  in  the  sample  may  be  determined.  This 
method  allows  unambiguous  and  accurate  determination  of  the  photo-generated  carrier 
concentration  from  the  measured  photo-Hall  voltage.  The  model  was  tested  with  predictions 
of  the  dark  Hall  voltage  for  an  experimental  sample  of  n-type  indium  antimonide,  and  these 
predictions  agreed  with  the  measured  values  to  within  13%  at  the  four  different  measurement 
temperature  from  20  to  77K. 

Application  of  this  model  to  interpret  experimental  photo-Hall  measurements  will  also  be 
discussed.  This  technique  has  proved  valuable  in  the  study  of  the  recombination  of  photo-excited 
cartien,  and  the  process  of  saturation  of  absorption  in  n-type  InSb. 

The  recombination  time  of  photo-generated  carriers  in  n-type  InSb  was  found  to  change 
with  carrier  concentration,  showing  an  increase  from  350  ns  to  850  ns  as  the  concentration  of 
photo- generated  carriers  increased  from  6  x  10"  to  4  x  10'’cm’.  These  results  match  well  with 
a  theoretical  model  of  the  recombination  of  carriers  using  a  single-level  trap  recombination 
mechanism. 

Combining  the  inhomogeneous  Hall  modelling  and  the  recombination  time  results, 
provides  a  basis  for  the  investigation  of  nonlinear  absorption  in  InSb.  Measurements  of  saturation 
of  optical  absorption  have  been  made  at  four  different  temperatures  from  20  to  77K  and  these 
results  ate  compared  with  the  direct  band-blocking  or  Burstein-Moss  model  of  absorption 
saturation.  This  new  photo- Hall  technique  has  provided  direct  information  relating  the  saturation 
of  optical  absorption  to  the  photo-generated  carrier  concentration. 
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Interband  and  intraband  contributions  to  refractive  index  in 
narrow-gap  semiconductors 


K.  H.  Herrmann,  U.  Miilter 

Humboldt-Universitat  Berlin,  Institut  fiir  Feslkcrperphysik,  0-1040  Berlin,  FRG 


Several  narrow-gap  mixed-crystal  semiconductors  offer  the  possibility  to  vary  the  energy 
gap  without  changing  the  nature  of  the  electronic  states  responsible  for  the  (near  to  edge) 
interband  transitions.  On  the  other  hand,  the  resonances  giving  the  major  contributions  to 
dielectric  constant  (interband,  optical  phonons)  are  quite  neighboured,  thus  their  separation 
from  each  other  and  from  the  free-carrier  contribution  is  critical.  These  facts  together  with 
the  new  possibility  to  investigate  the  wide-gap  to  narrow-gap  transition  in  high-quality  bulk 
crystals  or  MBE  layers  of  (Hg,Cd)Te,  (Pb,Sr)Se  (our  own  experiments),  (Pb,Eu)Se  and 
other  ones  are  the  reasons  for  this  critical  reexamination  of  the  topic. 

Following  steps  of  analysis  are  included: 

-  Use  of  E,  as  the  diffence  between  two  levels  (bands)  rather  than  of  its  absolute  value  in 
systems  with  level-crossing. 

-  Direct  fitting  of  the  experimental  values  n(X)  to  a  formula  containing  both  a  long-wave 
(phonons,  free  carriers)  and  a  short-wave  (interband)  oscillator. 

-  Microscopic  interpretation  of  the  interband  oscillator  in  terms  of  calculated  absorption 
edge  combined  with  a  Kramers-Kronig  analyis  of  the  absorption  at  higher  energies. 

-  Classification  of  the  systems  depending  on  whether  the  near-to-edge  transitions  deliver  the 
main  contribution  to  the  interband  oscillator  or  transitions  between  other  pairs  of  bands. 

-  Comparison  of  samples  with  different  energy  gap  within  the  k-p  band  structure. 

-  Account  for  the  influence  of  strong  doping  on  the  optical  dielectric  constant  in  samples 
exhibiting  Burstein-Moss  shift  of  the  absorption  edge  in  a  second  step. 

The  refractive  indexes  data  of  about  10  different  mixed-crystal  systems  from  literature  are 
included  in  the  analysis.  Recommendations  are  given  for  parametrization  of  dispersion 
formulae  as  well  as  application  of  general  ^kIE^  interrelations  to  different  materials. 


127 


P10.1 


PHOTOCONDUCTIVITY  SPECTRUM  AND  KINETICS  OF 
Pbj^_j^Sn^Te/PbTe/BaF2  MULTI -QUANTUM-WELL  STRUCTURES 

I . I . Zasavltsky ,  B.N.Matsonashvili,  V.T. Trofimov 
P.N. Lebedev  Physical  Institute,  Moscow 

To  determine  the  hetero junction  energy  diagram  the  photo¬ 
conductivity  (PC)  spectra  and  kinetics  of  Pb.  .„Sn-  ,,Te/ 

0«O7 

PbTe/BaFj  multi-guantum-well  (MQW)  structures  and  superlat¬ 
tices  have  been  studied. 

PC  decay  signal  consists  of  three  components  which  differ 
each  other  by  relaxation  times  and  excitation  long  wave¬ 
length  limits.  The  first  component  is  due  to  usual  interband 
transitions  and  has  decay  time  of  3lo”^s. 

Decay  time  of  second  component  is  decreasing  in  thermoac- 
tive  way  from  10  to  10  f  with  increase  of  temperature 
from  20  to  100  K.  Ac'..v  -ion  energy  is  about  20  meV.  The 
long  wavelength  lim' -  ■  66  roeV  that  is  almost  by  two  times 

lower  than  the  narrowest  gap  in  the  MQW  structure. 

Decay  time  of  third  component  is  decreasing  also  in  ther¬ 
moactive  way  from  10  ^  to  lo'^s  with  increase  of  tempera¬ 
ture  from  oO  to  170  K.  Activation  energy  is  about  80  meV. 
This  component  is  exciting  only  with  photon  energy  higher 
than  350  meV  that  is  by  1.5  times  higher  than  the  widest  gap 
in  tne  MQW  structure.  The  polarity  of  third  component  is 
positive  for  p-type  MQW  structures  and  negative  for  n-type 
MQW  structures. 

A  model  of  type-II  staggered  superlattice  was  used  to  ex¬ 
plain  the  experimental  results.  The  long  wavelength  limit  of 
second  PC  signal  component  is  attributed  to  the  indirect 
optical  transitions  from  Pb.  ooSn-  ,,Te  quantum  wells  to 
PbTe  barrier  layers.  Relaxation  of  captured  electrons  takes 
place  through  the  potential  barrier  due  to  conduction  band 
offset.  The  third  PC  signal  component  is  explained  by  elect¬ 
ron  capture  to  the  resonant  deep  level  in  conduction  band, 
and  the  layered  staggered  structure  allows  to  manifest  this 
level.  The  level  is  located  by  130  meV  above  the  bottom  of 
PbTe  conduction  band. 
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The  Resonant  Defect  Supcroonductivity  in  tkc  Narrow  Gap  A4Bt  Scmicondiictors 
LA.  Chemick,  S.N.  Lykov 

St.  Petersburg  University.  St  Petersburg  (Leningrad),  C.LS. 

Abstract 

The  experimental  data  connected  with  the  discovery  and  research  in  the  narrow  gap  A«Bt 
semiconducting  compounds  of  a  new  nontrivial  land  of  supeiconduciing  state  -  the  resonant 
defect  superconductivity  (RDS)  are  considered  and  analyzed. 

The  principal  peculiarities  of  the  RDS  indicating  that  its  physical  mechanism  is  essentially 
(by  an  mder)  more  effective  (from  the  point  of  view  of  the  value  of  the  superconducting  nansidon 
cridcal  temperature)  as  compared  with  the  ordinary  BKS-mecbaiusm  are  discussed  and 
f(»mulated. 

An  attempt  of  the  comparing  empirical  datt  on  the  RDS  with  the  ptediedons  given  in  a 
number  of  theoredcal  invesdgadons  devoted  to  the  working  out  of  the  nonconvendonal  (not 
BKS)  models  of  superconduedvity  is  made. 

A  high  probability  of  a  similarity  (identify)  between  the  physical  mechanism  of  the  KDS 
and  the  high  temperature  superconduedvity  discovered  by  Bednosz  and  Muller  in  the 
HTSC-ceiamics  is  marked. 
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Sasaki  EfTec:  in  the  Narrow  Gap  Semiconductor  Bi|.,Sb,  Alloys 
E.V.  Bogdanov 

Physics  Department,  Moscow  State  University,  Moscow,  Russia 

For  samples  of  n-  and  p-type  multivalley  narrow  gap  semiconductor  bismuth-antimony 
alloys  oriented  in  the  binary  bisector  plane  at  4.2  K,  electromotive  force  perpendicular  to  the 
flowing  current  is  observed.  The  deviation  angle  of  electric  field  vector  from  current  vector 
exceeds  10°  in  some  cases.  This  effect  is  observed  only  in  samples  for  which  the  current  direction 
doesn't  lie  on  any  of  the  symmetry  axes  of  the  crystal  and  at  high  electric  fields  for  which  the 
current  voltage  characteristic  is  nonlinear.  So  it  can  be  connected  with  Sasaki  effect  i.c.  the 
anistropy  in  electric  conduction  of  hot  electrons  due  to  the  ellipsoidal  energy  surfaces.  AH 
peculiarities  of  the  dependence  of  the  deviation  angle  on  the  current  orientation  and  longitudinal 
field  strength  can  be  qualitatively  described  on  the  basis  of  the  theory  of  Sasaki  effect  and  known 
band  structure  of  bismuth-antimony  alloys. 
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FERROELECTRIC  PHASE  TRANSITIONS  IN  QUATERNARV  LEAD-TIN 
CHALCOGENIDES 

A. I. Lebedev  and  I.A.Sluchlnskaya 
Physics  Dept.,  Moscow  State  University,  Moscow,  119899,  Russia 

Quaternary  solid  solutions  of  IV-VI  semiconductors.  In  which 
energy  band  gap  and  lattice  parameter  can  be  changed 
independently,  are  widely  used  for  IR  laser  and  photoconductlve 
device  fabrication.  In  this  work  the  ferroelectric  phenomena, 
affecting  the  properties  of  these  devices,  are  shown  to  be 
characteristic  for  all  quaternary  solid  solutions  with  Pb-»Sn 
substitution. 

Solid  solutions  were  studied  by  means  of  electrical  and 
X-ray  methods.  The  Investigation  of  Pbj^_j^Snj^Tej^_ySey  showed  that 
the  ferroelectric  phase  transition  can  be  observed  starting  from 
K=0.08.  At  constant  y  the  temperature  of  phase  transition  T^ 
Increased  with  x,  at  constant  x  T^,  varied  nonmonotonously  with 
y,  reaching  a  maximum  at  ysO.25.  The  resistivity  hysteresis  and 
relaxations  observed  near  T^  In  crystals  with  x<0.35  make  It 
possible  to  consider  this  phase  transition  as  the  order-disorder 
one.  Disappearance  of  these  features  at  x>0.35  Indicates  the 
change  of  type  of  phase  transition  to  dlsplaclve  one. 

Similar  strong  Increase  of  T^  with  Isoelectronlc 
substitution,  hysteresis  and  relaxations  of  resistivity  near  T 
were  found  In  solid  solutions.  All  features  of 

electrical  properties,  which  usually  precede  the  onset  of 
ferroelectric  phase  transition,  were  also  found  In 

^’^l-x^'^x^l-y^y’  although  the  phase  transition  Itself  was  not 
observed . 

All  peculiarities  of  phase  transitions  observed  In  Pb^  Sn  Y 

solid  solutions  (Including  rise  of  T^  when  substituting  In  anion 

sublattice  and  crossover  from  order-disorder  to  dlsplaclve  phase 

transition)  were  explained  by  the  existence  of  off-center  Sn„,, 

Pd 

atoms  with  strong  tunneling. 
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Lead  Telluride-Based  Photudeteciors:  a  New  Approach 
B.A.  Akimov,  D.R.  Khokhlov 

Physics  Department,  Moscow  State  University,  Moscow,  Russia 

Narrow  gap  semiconductors  based  on  the  group  III  -  doped  lead  tellurides  received  a  lot 
of  attention  last  year  as  a  new  promising  candidate  for  the  phntodetection  in  the  middle-  and 
far-  infrared.  The  Fermi  level  pinning  effect  results  in  the  high  spatial  homogeneity  of  the  material 
electric  properties.  In  some  cases  the  Fermi  level  is  pinned  within  the  bandgap  o  one  has  a 
very  unusual  situation,  when  a  heavily  doped  narrow-gap  semiconductor  with  high  number  of 
the  growth  defects  acts  electrically  as  an  ideal  one  with  practically  zero  background  free  carrier 
concentration  at  the  low  temperatures.  Another  effect  that  defines  the  behaviour  of  these 
materials  is  the  persistent  photoconductivity  that  is  observed  at  the  low  temperatures.  Use  of 
this  "internal  integration"  effect  in  the  photodetecting  systems  improves  greatly  their  parameters. 
We  discuss  the  main  features  of  these  materials  and  the  ways  of  construction  of  the  respective 
photodetecting  systems. 
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Magnetic  Field-Induced  Localization  in  Pb,.,Sn,Te(In) 

D.R.  Khokhlov,  I.I.  tvanchik 
Physics  Department,  Moscow  State  University,  Russia 
A.  de  Visser 

Van  der  Waals-Zeetnan  Laboratory,  University  of  Amsterdam,  The  Netherlands 

A.V.  Nikotich 

Institute  of  Applied  Physics,  Kishinev,  Moldova 

We  report  on  the  high-field  (H  <  40  T)  magnetotesistance  measurements  of 
Pbo,sSn(,23Te(In)  at  the  temperature  T  =  (1.4  -  4.2)K.  The  concentration  of  the  free 
nonequilibrium  electrons  n  was  changed  by  means  of  the  infrared  illumination.  The  sample 
magnetoresistance  increases  in  time  for  the  relatively  low  n.  The  Hall  effect  measurements 
show  that  the  resistance  rising  is  due  to  the  electron  localization.  The  localization  characteristic 
time  X  depends  on  H  and  T  as  x  =  Xofl  -  T/Tq)  exp(H/Ho).  The  parameter  «  5T  practically 
does  not  depend  neither  on  the  temperature,  nor  on  the  degree  of  photoexcitation  (n).  The 
characteristic  temperature  To  does  not  depend  on  the  magnetic  field  applied,  and  reduces  for 
higher  n.  We  discuss  the  processes  that  could  lead  to  the  effect  appearance. 
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STRUCTURAL  DEPENDENCE  OF  THE  OPTICAL  ABSORPTION  IN  TIBiSe^ 
THIN  FILMS  NEAR  THE  FUNDAMENTAL  ABSORPTION  EDGE 

C.L.  Mitsas.  E.K.  Polycnroniadis  and  D.  I .  Siapkas 

University  at  Thessaloniki,  Dept,  ol  Physics,  Solid  State  Section 
313-3,  Thessaloniki  54006,  Greece 


TIBiSe^  belongs  to  the  family  ol  semiconductive  compounds  of  the  general  type  TIAB^ 
(A;As,  Sb,  Bi  and  B.Te,  Se,  S).  It  is  usually  referred  to  as  a  ’pseudo"  lead  salt  compound  since 
It  is  isoelectronic  with  the  corresponding  lead  salt,  PbSe.  TIBiSe^  crystallizes  in  the  rhom- 
bohedral  structure,  the  primitive  unit  cell  having  parameters  a  =  7.728  K  and  a  =  31. 92°  and  has 
been  identified  as  a  narrow  gap  semiconductor.  Among  the  various  applications  for  which  it 
has  been  proposed  we  mention  its  potential  use  as  an  acousto-optic  detector,  infrared  detec¬ 
tor,  thermoelectric,  switching  and  memory  element 

In  this  work  we  present  the  characterization  ol  epitaxial  thin  films  of  TIBiSe^  by  IR  reflectivity 
measurements  and  electron  microscopy  which  were  grown  on  NaCI  substrates  with  varying 
deposition  parameters,  such  as  substrate  temperature,  deposition  rate  and  film  thickness.  In 
particular  we  will  locus  on  the  optical  transitions  occuring  in  the  as-grown  films  in  the  region 
near  the  fundamental  absorption  edge  in  an  attempt  to  correlate  the  observed,  by  TEM  and 
SEM,  geometrical  and  physical  imperfections  existing  io  the  films  to  the  different  contributions 
to  the  absorption  coefficient.  Thus  it  wilt  be  shown  that  delects  such  as  incoherent  grain 
boundaries  and  deviations  from  stoichiometry  are  responsible  lor  sub-gap  absorption  and  that 
their  contribution  ,  as  well  as  the  affect  of  surface  and  interface  roughness,  should  be  taken 
into  account  in  order  to  extract  a  meaningful  value  of  the  energy  gap  from  the  variation  of  the 
absorption  coefficient  in  the  above  specified  spectral  range. 
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Th*  Electrical  Charactarlatica  of  Pt)|^_xBuxSa  Hoaojunctiona 


Jianren  Xu,  Bernard  Halford,  Haurus  Tacke 

Fraunhofer  Institute  of  Physical  Measurement  Techniques 
HeldenhofstraBe  8,  D-7800  Freiburg,  Germany 


Semicomductor  laser  diodes  based  upon  the  ternary  IV- 
VI  compound  material  Pbj^.vEuxSe  are  important  tunable 
infrared  lasers.  Presently,  microstructures  are  developed 
for  optimizing  these  lasers,  e.g.  for  achieving  monomode 
behavior.  However,  the  efficiency  of  these  laser  diodes  is 
still  quite  low.  Trying  to  Improve  the  laser  performance, 
we  have  analysed  the  electrical  chacteristics  of  our  main 
material  Pb^.x^^X^^*  ^  first  step  towards  this  goal, 

homojunctions  were  made  by  HBE.  The  RgA  product  of  Pb]^_ 
vEuxSe  diodes  with  composition  x  from  0  to  about  0.1  have 
been  theoretically  and  experimentally  investigated  over  a 
wide  temperature  region  30-300  K. 

Theoretical  analysis  of  the  product  as  function  of 
temperature  T  and  composition  x  shows  that  the  RgA  product 
at  high  temperatures  is  diffusion  limited  for  small  x,  and 
depletion  limited  model  for  large  x,  but  also  depletion  for 
x=0.  At  low  temperatures,  it  is  dominated  by  tunneling. 

The  dependence  on  the  carrier  concentration  is  less 
Important  compared  to  the  other  factors  x  and  T. 

The  experimental  results  are  in  accordance  with  these 
calculations.  For  the  samples  with  x  about  0.03,  the  RgA 
product  is  diffusion  limited  at  high  temperatures.  It  is 
depletion  limited  for  x  about  0.045  and  0.085.  It  is  also 
depletion  limited  for  x=0.  This  evidence  confirms  that  the 
Roseman/Katzir  model  based  upon  the  non-parabolic  effect  of 
energy  band  is  reasonable  for  small  energy  gap  materials. 
And  Emtage  model  is  still  quite  good  for  large  gaps.  From 
these  models,  the  minority  carier  life  time  can  be  derived, 
which  is  of  the  order  of  nanosecond.  The  low  temperature 
data  can't  be  explained  by  assuming  the  band  to  band 
tunneling  model.  At  present,  we  favour  the  trap-assistant 
tunneling  model  as  dominant  mechanism  at  low  temperatures, 
based  on  our  experimental  results  on  diodes  made  by  MBE 
with  different  doping  levels,  and  also  by  diffusion  and  ion 
implantation.  It  is  probably  responsible  for  the 
significant  nonradiatlve  recombination  in  our  laser  diodes. 
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Iwo-Diwens ional  Electronic  States  on  the  Interface  of  the  Stressed 
Piezoelectric  Sealconductor 
V  G  Kantser  and  N  B  Nalkova 

Institute  of  Applied  Physics,  277028,  Kishinev,  Moldova 


The  internal  strains  in  imi Hi  layered  semiconductor  structures  generate 
polarization  fields  through  the  piezoelectric  effect.  The  influence  of  the 
induced  polarizations  on  the  electron  spectrum  of  the  strained  heterojunc- 
tion  is  studied.  Interface  electron  states  are  shown  to  exist  in  such 
structures.  These  states  occur  due  to  the  supersymmetry  of  a  two-band 
Hamiltonian  with  the  polarization  effect  Included  and  exist  only  In  defi¬ 
nite  energy  and  momentum  intervals,  which  are  determined  by  the  supersum- 
metry  condition  of  the  Hamiltonian.  The  energy  spectrum  is  essentially 
linear  as  a  function  of  in-plane  momentum. 
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MBE  Of  Lead  Chalcogenides  At  Increased  Residual-Gas-Pressures 

M.Griesinger,  H.Boltner,  S.  Kuhn,  A-  Seifert  and  M.  Tacke 
Fraunhofer- Institut  for  Physical  Measurement  Techniques  (IPM), 
Heidenhofstr.8,  D-7800  Freiburg,  Germany 
Tel.  ;  (49)-(0)761  8857-0,  Fax;  (0)761-8857-224 

Semiconductor  diode  lasers  made  of  IV-VI-semiconductor-compounds,  the 
lead  chalcogenides,  emit  in  the  mid  infrared  region  between  3/rm  and  30/im. 
These  lasers  are  commonly  used  for  high  resolution  spectroscopy. 
Molecular-beam-epitaxy  equipment  is  used  for  the  production  and  development 
of  advanced  IV-VI  diode  lasers,  usually  at  residual  gas  pressures  around 
10*'^  mbar  to  10“®  mbar.  Diode  lasers  made  under  reduced  high-vacuum- 
conditions  show  no  decrease  in  device  quality  compared  to  those  made  under 
UHV-conditions.  Nevertheless  a  systematic  measurement  of  the  influence  of 
the  residual  gas  pressure  has  not  yet  been  performed. 

The  residual  gas  pressure  at  high  vacuum  was  achieved  by  controlled  influx  of 
the  gases  Nj,  Oj  and  HiO  during  the  MBE  growth  process.  The  samples  were 
characterised  by  Hall-measurements.  The  important  parameters  investigated 
are  the  Hall-coefficient  and  the  resulting  carrier-concentration  and  the  carrier- 
mobility.  The  Hall-data  were  taken  in  the  temperature  range  from  320  K  to 
28  K. 

Aside  from  PbSe-samples,  we  produced  A'6i-iSrj5e-sainples  under  the  same 
conditions.  We  found  that  the  influence  on  the  above  mentioned  parameters 
is  greater  in  Pbi-^Sr^Se  samples  than  in  PbSe-samples.  For  example,  the 
P6i_i5rj5e-samples  are  p-type  with  carrier-concentrations  of  about  10'*cm"® 
at  high  O]  residual  gas  pressure.  Wc  noticed  that  higher  Nj  residual  gas 
pressure  induces  n-typ  conductivity  in  some  /’6i-i5riSe-samples  and  in 
others  a  change  of  the  polarity  of  the  Hall-voltage  at  low  temperatures.  The 
samples  which  were  produced  under  higher  Oj  and  HjO  residual  gas  pressures 
also  showed  different  carrier  concentrations.  The  systematic  examinations 
show  that  the  residual  gas  pressures  of  Afj,  O2  and  //jO  which  usually  occur 
in  high-vacuum  have  no  negative  influence  on  the  electrical  properties  of  the 
lead  chalcogenides. 
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■j^A.Mirc^ov,  A. i .fedoreako,  V. V.Zorchenko,  A. Yu.Slpstov, 
O.N.Nashcnekina,  A. A.Konchiio,  1 .M.Zaritskii 
inist  1  tiite  of  Radiophysics  &  Ziectronics,  Academy  of  Sci.of  Ukraine, 

!?  Acad.  ProsKiira  St .  .Kharkov  310085.  UTcraine,  FAX:  (7-0578)44-1 1 -05 

The  results  of  investigations  of  galvanomagnetic,  superconduc¬ 
tive  and  microwave  properties  of  epitaxial  super  lattices  (SL)  based 
on  lead  and  tin  chalcogenides  (PbTe,  PbS,  PbSe,  SnTe)  are  presented 
11-41.  The  epitaxial  n-type  SL  both  with  homogeneous  pseudomorphic 
and  nonhomogeneous  layer  deformations  were  under  consideration.  The 
SL  periods  were  varied  from  2  nm  up  to  150  nm.  It  is  shown  that  SL 
with  regular  misfit  dislocation  networks  (MDN)  can  be  considered  as 
HTSC  models.  The  highest  critical  temperature  of  superconductive 
trtmsition  '•6,5  K  was  observed  in  SL  (001 )PbTe-PbS  with  MDN  pe¬ 
riod  of  5,2  nm.  It  is  found  that  T^.  is  non-mono tonic  function  both 
of  number  of  electrons  per  node  of  MDN  and  of  SL  period.  The  sheet 
resistance  proves  to  be  non-raonotonic  function  of  SL  period  as  well. 
It  is  revealed  that  electron  pairing  begins  on  the  MDN  nodes  at 
T  T^  and  is  stabilised  by  the  Interactions  between  carriers  on  the 
adjacent  MDN  at  lower  temperatures. 

The  spectrum  of  quasi-particle  excitations  obtained  from  point- 
contact  measurements  of  SL  (001 )PbTe-PbS  with  MDN  is  extended  up  to 
an  energy  of  90  meV  being  six  times  as  high  as  optical  phonon  energy 
in  PbTe  and  PbS  bulk  materials  (51.  The  microwave  absorption  in  SL 
shriw."^  peculiarities  similar  to  ones  found  in  HTSC  previously  [6-7  1. 
The  supposition  about  the  same  mochanism  of  superconductivity  in  SI 
and  HTSC  is  done. 

I.D.. Agassi  Eiiid  T.K.  Chii.  Phys. Slat. sol .  (b)  j  Wl, till  ( 1990)  . 

^  .  U .  A .  M  ! rono V  t- 1  a  1 .  <Jt;T P  1  e 1 1 . 48 ,  i  l Xj ( 1  ‘938. ) ; ^ . 335 ( 1  ‘J«9 ) ; 50 , 33 4  ( 1  ‘Ir.' ‘ ) 
3.0. A.Mirormv  et  al.Acta  Phys.  Pol. A.  8()..329(1'J'J1  );  77,251  (!9>U). 
4.0.  A. Mironov  et  al  .Superlat.A  Microstruct.  .^,361(19*10), 

5. N.  1. B<!brov  et  al.  Sov.J.of  low  Temp. Phys.  16.. 362( l9‘iU) . 
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IKTESU^ACE  energy  spectrum  of  real  PbTt»/SnPbTe  HETEROJUNCTION 
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Krasnoarrwyska^a  GO~b3t  27402Q  Chornovlsyt  Ukraine 
Instylut  Fixyki,  Politochnika  Poznanska 
Plot  roiifo  3,  G0~Q6S  Poznan,  Poland 

In  hetero junct ions  formed  by  semiconductors  having  inverted 
order  of  the  bands  and  overlapping  gaps,  there  were  found  bands 
of  electron  and  hole  interface  states  which  are  gapless  and  have 
a  linear  dispersion.  \  model  of  such  a  heterostructure  is  a 
PbTe/SnPbTe  hetero junct ion  formed  in  the  (111)  plane.  So  far. 
all  considerations  were  limited  to  a  single  Illll  valley  11.21. 
The  interface  energy  spectrum  obtained  for  this  case  is 

E-(Ul)  =  -  v‘p-‘'/(T-X*)  (1) 

where  v‘and  v" are  interband  velocity  matrix  elements,  p'^  is  the 
in-plane  momentum,  x  is  a  parameter  which  depends  on  the  gaps 
offset,  and  t  '  and  '  refer  to  electrons  and  holes  respecti¬ 
ve  1  y 

In  the  present  contribution  we  consider  the  effect  of  the  remain 
three  <111>  valleys  and  interface  strain  on  the  interface  spec¬ 
trum.  We  find  that  in  addition  to  the  non-degenerate  branch 
(eq.(l)).  there  appears  threefold  degenerated  branch 

E:aU)  .  4y'  p  t4i-X*i  (2) 

For  the  heterojunction  formed  in  the  (100)  plane  there  exists 
fourfold  degenerated  branch 

EM  100)  .  :_2id±-vr  p  /^_x*)  (3) 

The  phase  volume,  where  the  bound-states  exist  is  largest  for 
the  branch  described  by  eg. (2).  The  strain  effect  deduced  from 
the  deformation  potentials  is  remarkable.  It  considerably  af¬ 
fects  the  gaps  and  their  alignment,  and  by  that  it  affects  the 
phase  volume  of  the  interface  states. 

i  B  yolkaxj  S  O.  Pankratov,  Pisma  v  Zh.  €ksp  Tear .  F iz.  42  Ci935^  145 
2.  D.  Agassi  &  V.Korenman,  Pkys.  R«v  B3F7  CIS88J  10095 
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EFFECT  OF  ANNEALING  ON  THE  ELECTRICAL  AND  STRUCTURAL 
PROPERTIES  OP  SbjjSej-x  THIN  FILMS 

H.A.Kenawy,  H.A.Zayed,  A.M.Abo-Elsoud*  and  A. M. Ibrahim 

University  College  for  Girls,  Ain  Shams  University, 
Cairo,  Egypt 

*  National  Research  Center,  Cairo,  Egypt. 


Thin  films  of  Sbj^  Se^.^  with  0<x<l  and  thickness  ranging 
from  500-1000  “A,  were  prepared  by  thermal  deposition  under 
vocuum  on  glass  suhsf  ra  i-.js .  The  electrical  resistance  (/>)  and 
thermoelectric  power  (s)  were  determined  at  different 
temperature  in  the  range  100-473  K  for  different  thin  film 
compositions . 

Electron  microscopic  and  x-ray  diffraction  techniques 
were  used  to  determine  the  crystallinity  and  lattice 
parameters  for  these  structures.  The  results  showed  that 
Sbj^Sei-x  alloys  have  hexagonal  structure  with  lattice 
parameters  which  vary  line  arly  with  the  cmposition  with 
a  ranging  from  4.362''A  to  4.306°A  and  C  in  the  order  of 
6.504°A  to  1  1.234  ''A  for  x=0.1  to  x=0.9. 

The  resistivity  at  room  temperature  was  found  to  be 
in  the  order  of  11. cm  for  the  Se  rich  compositions 

ind  10^  a. cm  for  the  Sb  rich  compositions.  The  activation 
energy  as  calculated  from  ln(/’)  Vs  1/T  polts  was  given 
as  0.125  ev  for  x  =  0.9  and  1  ev  for  x=0(Se)  thin  films. 
The  resistance  was  found  to  decrease  by  increasing  both 
film  thickness  and  annealing  temperature.  The  temperature 
v^efficient  of  resistance  decreased  from  llxlO'2  to  2.3x10" 
as  X  increased  from  x=0  to  0.9. 

The  value  of  the  thermoelectric  power  (s)  was  found 
to  be  100  uv/K  for  Sb^  Se^-x  thin  films  of  x=0.1  then  it 
gradually  decreased  with  increasing  x  ramaining  positive 
up  to  x=0.4  showing  the  majority  cainers  to  be  holes  i.e. 
p-type  conduction.  For  0.4<x<0.6  the  thermoelectric  power 
appears  to  be  negative  and  equals  540  iiv/K  for  x=0.5  i.e. 
n-type  conduction.  It  turns  again  to  be  positive  for 

0 . 6  <  X  <  0 . 9  . 
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EX.EMEN'X’  OF  A.  NEW  XNFRARED  DEVXCE 
—  OFTXCAI*  TRANSXSTOR 

Qian  Oingrong 

National  Laboratory  For  Infrarad  Physics,  Academia  Sinica 
420  Zhong  Shan  Bai  Yi  Road,  Shanghai  200083,  China 

The  energy  dispersion  relation  of  f ree-carrlers  in  narroa-gap  semicon¬ 
ductors  of  Nhich  the  energy  bands  can  be  aell  described  by  Kane  sodel  turns 
out  to  be  linear  in  the  case  of  highly  degeneration  resulted  from  either 
doping  or  light  injection.  This  influences  the  behavior  of  f ree-carrlers 
profoundly,  one  of  the  consequences  is  the  absence  of  the  energy  coupling 
between  collective  oscillation  and  electron-hole  pair  excitations,  so  that 
the  damping  to  plasma,  as  a  result,  is  rather  weak  and  the  plasma  edge  in 
the  reflectivity  spectrum  of  narrow-gap  semiconductors  is  very  steep.  The 
edge  reflectivity  Is  so  sensitive  to  the  variation  of  carrier  concentration 
that  a  small  amount  of  excess  carriers  created  by  weak  infrared  radiation  in 
the  sample  can  result  in  an  appreciable  increase  in  reflectivity  there.  If, 
in  the  meantime,  a  tight  beam  of  which  the  photon  frequency  is  equal  to  the 
frequency  on  the  edge  is  shining  on  the  sample,  then  the  changed  edge  refle¬ 
ctivity  will  certainly  causa  a  strong  increase  in  the  strength  of  the  ref¬ 
lected  shining  beam.  The  sample,  in  this  case,  works  like  a  optical  tra.n- 
slstor;  a  weak  infrared  beam  controls  another  infrared  bean  which  is  stron¬ 
ger  in  power  and  lower  in  frequency  by  virtue  of  reflecting  it  on  plasma 
edge.  It  is  a  versatile  device  and  can  be.  In  its  function,  a  infrared  modu¬ 
lator  and  light  switch  being  prosperous  in  infrared  measurement  and  detec¬ 
tion.  The  device  physics  has  been  discussed  in  detail  and  the  possible 
design  of  various  optical  transistors  with  different  functions  have  been 
proposed.  The  merit  parameters  of  optical  transistor  have  been  discussed, 
the  results  are  impressive.  For  example,  if  a  photoconduct ive  infrared  dete¬ 
ctor  is  coupled  to  optical  translator,  then  the  detectivity  for  it  can  be 
1/2 

enlarged  by  (tpjtp^)  /I  times,  where  tpj_,  tp^  mre  the  thickness  of  opti¬ 
cal  transistor  and  photoconduct ive  infrared  detector,  respectively,  1  is 
plasma  absorption  distance. 
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Damage  Induced  Changes  in  the  Electronic  Properties  of  InSb(lOO);  Implications  for 

Surface  Preparation 

M.O,  Schweitzer',  W.T.  Yuen^,  T.S.  Jones’,  C.F.  McConville*,  N.V.  Richardson'  and 

R.A.  Strading’ 

’  IRC  in  Surface  Science,  University  of  Liverpool,  Liverpool  L693BX,  UK. 

Department  of  Physics  &  IRC  in  Semiconductor  Materials,  Imperial  College  London  SW7 

2BZ,UK. 

Department  of  Chemistry  &  IRC  in  Semiconductor  Materials,  Imperial  College,  London, 

SW7  2AY,  UK. 

*  Department  of  Physics,  University  of  Warwick,  Coventry,  CV4  7AL,  UK. 

Aostract 

Ion  bombardment  is  generally  used  to  prepare  chemically  clean  surfaces  of  InSb  substrates 
prior  to  the  growth  of  epilayers  by  molecular  beam  epitaxy.  Although  this  method  is  successful 
in  producing  clean  surfaces,  there  are  considerable  problems  associated  with  the  induced  changes 
to  the  electronic  properties  of  the  near-surface  region  of  the  material.  We  have  applied  a 
combination  of  surface  sensitive  techniques  and  electron  transport  measurements  to  characterise 
the  effects  of  argon  ion  bombardment  and  annealing  on  a  series  of  p-lype  InSb(lOO) 
(p~2x  1 0''cm  ’)  samples.  High  resolution  electron  energy  loss  spectroscopy  (HREELS)  has  been 
used  in-situ  to  monitor  the  changes  in  the  surface  and  interfacial  plasmon  excitations,  and  the 
formation  of  an  n-type  accumulation  layer,  as  a  function  of  post-bombardment  annealing  over 
a  temperature  range  of  300-700K.  Using  electron  energy  dependent  measurements  and  model 
calculations  based  on  dielectric  theory  the  depth  of  damage  has  been  determined.  It  is  found 
that  the  n-type  layer  is  ~500A  thick  and  located  --200A  below  a  surface  depletion  layer.  Ex-situ 
magneto-transport  measurements  involving  the  two-dimensional  accumulation  layer,  using  the 
Shubnikov-de-Haas  effect,  have  also  been  used  to  independently  determine  the  relative 
occupancy  of  the  sub-bands  and  provide  a  value  for  the  spatial  extent  of  the  conducting  region. 
Consistency  between  the  Shubnikov-de-Haas  and  HREELS  measurements  is  found  if  the 
electron  concentration  in  this  region  is  ~9xl0”cm  ’  and  the  carriers  are  confined  below  the 
surface  in  a  layer  of  thickness  ~500A. 
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Anisotropy  and  Polarization  of  Hot  Electron  Intraband  Luminescence 
O.M.  Bulashenko,  A.G.  Kollyukh,  V.K.  Malytenko  and  V.A.  Morozhenko 
Institute  of  Semiconductors,  Ukrainian  Academy  of  Sciences,  2S26S0,  Kiev-28,  Ukraine 


Far  infrared  luminescence  (L-lOOmkm)  ofn-lnSb  (n-10‘Vm’)  and  n-Cd,Hg,.,Te 
(n-10'*cm'^)  samples  due  to  the  intraband  transition  of  hot  electrons  in  the  high  electric  field 
(10<E<lS0V/cm)  has  been  investigated  both  theoretically  and  experimentally  at  low 
temperature  (1S<T<150K).  It  was  shown  that  the  light  emission  intensity  increases  with 
increasing  the  lattice  temperature  and/or  the  electric  fleld  strength.  Besides,  the  measurements 
of  luminescence  in  u  ansveisc  and  longitudinal  directions  with  regard  to  the  electric  field  allowed 
us  to  detect  the  anisotropy  of  radiation. 

To  explain  the  experimental  results  the  calculations  of  the  election  distribution  function  and 
the  probabilities  of  photon  emission  in  the  passive  energy  range  (the  photon  energy  is  less  than 
the  optical  phonon  energy)  were  carried  out  by  the  Monte  Carlo  method.  Electron-photon 
interaction  with  simultaneous  acoustic,  optic  and  ionized  impurity  scattering  was  considered  i 
the  second-order  perturbation  theory.  An  acoustic  phonon  scattering  gives  the  main  contribution 
to  the  light  emission  intensity  among  the  different  scattering  mechanisms. 

An  angular  dependence  of  the  matrix  element  of  the  electron-photon  interaction  results  in 
the  luminescence  anisotropy  when  the  electric  field  is  rather  strong,  so  that  the  electron 
distribution  function  is  anisotropic  and  close  to  streaming  at  high  fields. 

The  polarization  of  the  light  emission  transverse  to  electric  fteld  is  the  other  consequence 
of  angular  dependence  of  the  matrix  element.  The  polarization  degree  of  luminescence  was 
also  calculated  using  the  Monte  Carlo  method.  The  results  of  the  numerical  simulation  are  in 
good  agreement  with  experimental  data. 

The  investigation  of  the  hot  electron  luminescence  anisotropy  as  well  as  the  polarization 
degree  of  the  light  emission,  transversal  to  electric  field  may  be  used  as  experimental  method 
for  studies  of  non-equilibrium  electron  gas  behaviour  and  scattering  processes  in  the  narrow 
gap  semiconductors. 
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Low-Tempera(ure  Switching  in  PbTe(Ga)  at  High  Electric  Fields 
B.A,  Akimov,  A.V.  Albul,  E.V.  Bogdanov 
Physics  Department,  Moscow  State  University,  Moscow,  Russia 


Abstract 

Current-voltage  characteristics  (CVC)  were  measured  in  PbTe(Ga)  (concentration  of  Ga 
is  0.2 ' 0.4  at  %)  at  high  electric  fields  E  5  3(XX)  V/cm  and  temperatures  T  =  4.2  -  77K.  CVC 
of  PbTe(Ga)  drastically  differ  from  CVC  of  pure  PbTe;  the  pronounced  linear  region  is  observed 
only  at  T  >  70K  and  for  very  weak  electric  fields  E  £  I  V/cm;  at  higher  fields  CVC  become 
superlinear  and  fulfil  Poole-Frenkel  law;  at  last  switching  to  high-conductivity  state  takes  place 
at  E  2  SeXF  1(XK)  V/cm.  In  helium  the  relaxation  time  of  this  conductivity  induced  by  high 
electric  field  exceeds  lO's.  At  higher  temperature  relaxation  time  drops  drastically  and  becomes 
10  10 ’s  at  77  K.  Under  the  effect  of  high  electric  fields  the  increase  of  the  conductivity  can 

exceed  seven  orders  of  magnitude  and  CVC  change  and  obtain  long  linear  and  sublinear  regions 
characteristic  for  pure  PbTe.  The  processes  that  could  lead  to  the  switching  are  discussed. 
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INFRARED  PHOTOCONDUCTIVITY  AND  LUMINESCENCE  OF  MULTIPLE 
QUANTUM  WELLS  GaAs/Gat-jAlxAs 

V.  A- Gorbylev*.  I .  D- Zalevskl *.  V.  B- Kul Ikov*,  A  l  Petrov", 

H- V.  Cliuklchev“*.  A- E- Yunovich"*- 
•  )  " Sigma-Plus” ,  Moscow.  Russia: 

«»)  Moscow  State  (Lomonosov)  University.  119899.  Moscow.  Russia. 

Optical  absorption  and  photoconductivity  due  to  electron  transitions 
from  the  levels  localized  in  ctuantum  wells  (QW)  to  continuum  states  are 
discussed  In  connection  with  luminescence  spectra- 

For  the  first  time  multiple  OW's  and  SL's  of  heterostructures 
GaAs/Gaj -xAl xAs  (x«0. 3)  were  grown  by  M(XVD  (700°C.  65  Torr)  with 
thickeners  of  QW  GaAs  Lz=3- ■ ■ 5  nm.  of  barriers  GaAlAs  Lg= 30-  •  • 

50  nm  and  number  of  periods  up  to  N- 70- 

Energy  of  the  ground  eigenstates  in  QW' s  was  calculated  in  the 
approximation  of  envelope  function-  For  the  sample  with  MOW  (x=0. 3; 
L2=4.0  nm;  donors  in  QW  Nd(Si)=5-  10*^  cm"^;  Lb=31.0  nm;  N=70)  in 
conduction  band  4Ei<;  =  89.5  meV;  in  valence  band  AEjvh'20.2  meV;  the 
barrier  in  conduction  band  was  assumed  AE-=228  meV-  In 
cathodoluminescence  spectra  at  T=5  K  a  high-energy  line  with  a 
peak  hUni^  1.  6 1 3  10.  002  eV  andhalfwidth  Khu)  j /2 ■  U- ■  •  ' 5  meV  was 
seen-  The  peak  corresponds  to  radiative  transitions  between  E]c  and 
8^lvh  levels  If  exciion  or  donor  ionization  energy  is  taken  into 
account  Halfwidth  Is  caused  by  QW  thickness  fluctuations  of  one  atomic 
1 ayer. L^ lag/Z-  Two  other  low-energy  lines  were  lower  In  intensity  and 
will  be  discussed  later 

The  optical  absorption  and  photoconductivity  In  the  Infrared  region 
(1  =  7-  -  -  H  dm)  Is  due  to  electron  transitions  from  Ejc  levels  to  the 
continuum  states  higher  than  the  barrier  height  AEg-  Evaluation  of 
density  of  states  and  transition  probabilities  gives  value  of  the 
absorption  coefficient  o  s  10^  cm''-  The  long-wave  1 ength  edge  of 
absorption  is  smoothed  by  f luctuations- 

For  electrical  characterization  the  QW' s  structure  was  processed 
into  50x50  dm-  mesas-  Dark  I -V  curves  had  one  or  two  steps  (T=7r  K)  In 
different  samples-  The  measured  activation  energy  of  conductivity 
varied  with  bias  from  84  meV  (IV)  to  54  meV  (5  V)-  The  device  dark 
current  was  4-  I0'8  a.  photoresponse  was  0.8  A/W  (2  V) - 

Similar  structures  but  grown  by  HBE  with  N450  were  described 
previously  by  B- F- Levine  et  al-  /Appl- Phys- Lett-  .  v- 56.  PP-851.  1990/- 
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Hagnea  N 

8.5,  P8.4 

Maissen  C 

10.3 

Hakinen  A 

2.6 

Maikova  N  M 

P10.9 

Malutenko  V  K 

11.5,  P11.3 

Manasses  J 

5.5 

Mansoor  F 

11.3 

Marfa ing  Y 

6.2 

Marlette  H 

8.2,  P8.4 

Martin  R  H 

11.1 

Mason  N  J 

11.1,  11.3 

Maxey  C 

6.1 

Mazur  Y  I 

P3.6 

McAl  1  ister  A 

P3.4 

McConvi  Me  C  R 

10.5,  P11.2 

McGill  T  C 

0.1.  4.2 

Mendes  E  E 

4.1 

Metcalfe  N 

P3,4,  P6.2 

Meyer  J  R 

3.1,  4.5 

Hi  2  Y 

P3.8 

Miles  R  H 

4.2,  4.5 

Miller  J  H 

4.6 

Minkov  G  M 

P9.1 

Mironov  K  E 

3.6,  P8.1 

Mironov  0  A 

12.6,  PS. 5, 

Mitra  P 

6.4 

Mitsas  C  L 

P10.7 

Hollmann  K  P 

10.4,  P5.5, 

Monterrat  E 

8.2 

Morimoto  T 

12.5 

Morozhenko  B  A 

P11.3 

Mugford  S 

8.3 

Muller  U 

P9.4 

Murdin  B 

9.4 

Hynbaev  K  0 

P8.1 
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I 


Nashchekina  0  N 

PlO.ll 

Nasu  N 

4.7 

Nateprov  A 

P5.6 

Nicholas  R  J 

11.1,  11.3,  P5.3 

Nikonorov  V  V 

P3.3 

Nikorich  A  V 

P10.6 

Nitta  J 

12.9 

Nguyen  C 

P4.3,  P4.4 

Norman  A  G 

1.2,  11.2 

Olajos  J 

1.1 

Onaggio  J  P 

4.3,  4.S 

Oswald  J 

12.11 

Overney  R  M 

10.3 

O'Keefe  E 

8.3 

Ozwaldowski  M 

P7.1,  P10.12 

Pankratov  0 

7.4 

Parthler  L 

P6.3 

Pascal  Oelannoy  F 

11.3 

Pascher  H 

5.2,  9.3 

Pate  H 

11.3 

Paul  N 

3.2 

Paulsen  A 

12.3 

Pautrat  J  L 

8.2,  8.5,  P8.4 

Petrov  P  P 

P7.1 

Pfeffer  P 

9.4,  P5.1 

Phillips  C  C 

9.1,  11.2 

Pidgeon  C  R 

9.4 

Ploog  K  H 

7.1,  7.2 

Pogrebnyak  V  A 

P3.2 

Polubotko  A  M 

Pl.l 

Ponnampalam  L 

11.3 

Popov  V  V 

Pl.l 

Prochukhan  V  0 

Pl.l 

Pryce  G  J 

11.4 

Przbylinska  H 

P2.4 

Radantsev  V  F 

P8.8 

Ratnikov  V  ¥ 

3.6 

Record  H  C 

P6.5 
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( 


Richardson  N  V 

10.5, 

P11.2 

Richnond  T 

10.3 

Robert  J  L 

P6.5 

Rogalski  A 

P8.5 

Rossler  U 

7.4 

Rod  Yu  V 

Pl.l 

Rumyantsev  E  L 

P9.1 

Rut  0  E 

P9.1 

Rutkowski  J 

P8.5 

Rzepka  E 

6.2 

Sasvari  G 

P6.4 

Schafer  P 

10.4 

Schetzina  J  F 

3.2 

Schiessi  U 

10.2 

SchiBtert  T  R 

6.4 

Schlachetzki  A 

P4.1 

Scholl  S 

6.6 

Schorer  R 

1.1 

Schwarz  K 

P3.1 

Schulman  0  N 

4.2 

Schweitzer  H  0 

10.5, 

P11.2 

Scriba  J 

P4.3, 

P4.4 

Sebastian  J 

10.4 

Seifert  A 

PIO.IO 

Set  ler  0  G 

9.5 

Seong  T-Y 

1.2 

Shanabrook  B  V 

4.3,P4 

.2 

Shaw  N 

6.5 

Shen  J 

P5.2 

Shen  S  C 

12.12, 

P3.8,  P3.9 

Shepelsky  G  A 

P3.7 

Shevchenko  N  V 

P3.6 

Sipatov  A  Y 

P5.5, 

PlO.ll 

Sizman  R 

12.3, 

P3.8,  P8.7 

Skauli  T 

P8.7 

Skierbiszewski  C 

2.2,  P2.1,  P2.1 

Skoriukin  V  E 

Pl.l 

Slapkas  0  1 

P10.7 
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I 


r 


I 


Sluchinskaya  1  A 

P10.4 

Soltanovich  0  A 

P8.3 

Song  X  N 

9.S 

Story  T 

5.3,  5.4 

Stradling  R  A 

1.2,  P11.2 

Strelchuk  V  V 

P3.5 

Strikha  H  V 

P3.7 

Suski  T 

P2.1,  P2.1 

Swagten  H  J  M 

5.3 

Swagten  H  J  M 

5.4 

Swuste  C  H  U 

5.3 

Symons  0  M 

11.1 

Szuszkiewicz  W 

2.4 

Tacke  H 

10.1,  10.2,P5.5, 

Takayanagi  H 

12.9 

Taklta  K 

3.4 

Tanaka  A 

12.5 

Tanner  8  K 

6.3 

Tarasov  G  6 

P3.5,  P3.6 

Tardot  A 

8.5 

Tedenac  J  C 

P6.5 

Teodoropo)  S 

10.3 

Teubner  T 

P6  3 

Teunissen  P  A  A 

P3.ll 

Thomas  R  H 

11.2 

Tonn  J  E 

10.3 

Toma  J  M 

10.4,  P5.5,  P6.3 

Tournle  E 

7.2 

Trofimov  6  T 

PlO.l 

Tsidilkovski  I  M 

P2.3 

Tuttle  G 

P4.3,  P4.4 

Ulmer  L 

8.2,  P8.4 

Unterrainer  K 

9.4 

Vaghijiani  H  L 

11.2 

Vasi levskiy  M  I 

P3.3 

Vas'ko  f  T 

P3.7 

Venn  lx  C  H  H  M 

5.4 

Vieren  J  P 

5.5 
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t 


I 


Vlliante  A 

4.4,  4.6 

Vodopyanov  K  L 

9.1 

Vogel  P 

1.1 

von  Ortenberg  H 

2.1,  P5.6 

Vorobjev  L  E 

P9.2 

Uaag  A 

P8.6 

Wagner  R  J 

4.3,  4.5,  P4.2 

Walker  P  J 

11.1,  11.3 

Wang  H 

4.6 

Waterman  J  R 

4.3,  P4.2 

Watts  H 

P5.3 

Wegscheider  W 

1.1 

Whiffin  P  A  C 

6.1 

White  A  M 

11.4 

Whitehouse  C  R 

11.4 

Wiegers  S  A  J 

P3.ll 

Wilamowski  1 

2.2,  2.3,  P2.1,  P2.2,  P2.4 

Willekens  H  H  H 

5.4 

Wilson  H  L 

6.4 

WItkowska  B 

2.4,  2.5 

Wixforth  A 

P4.3,  P4.4 

Wu  Y  S 

3.3,  P8.6 

Xu  J 

P10.8 

Yakimov  E  B 

P8.3 

Yakovenko  V  M 

P3.2 

Yarykin  N  A 

P8.3 

Yang  H  J 

4.3,  4.5,  p4.2 

Yano  M 

4.7 

Young  P  M 

3.2 

Yu  S  S 

12.2 

Yu  Z 

9.5 

Yuen  W  T 

P11.2 

Yunovich  A  E 

P5.5,  P12.Z 

Zachman  S  J 

P3.10 

Zakhvalinski  V  S 

2.6 

Zalevski  1  0 

P12.2 

Zandian  M 

8.1 

Zaritskii  I  M 

PlO.ll 
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) 


Zav' ialov  V  V 

P8.8 

Zawadzki  U 

7.3,  9.4,  P5.1 

,  PS. 4 

Zayed  H  A 

P10.13 

Zazavitsky  1  1 

PlO.l 

Zborowski  J  T 

4.6 

ZboroMskI  J  T 

4.4 

Zheleva  H  N 

9.6 

Zheng  G 

P5.2 

Zogg  H 

10.3 

Zorchenko  V  V 

PlO.ll 

Zucca  R 

8.1 

Zwinge  G 

P4.1 
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PROGRAMME  OUTLINE  -  by  first  authors 


Time 

Monday 

Tuesday 

Introdijction 

S.  Magnetism/ 

Magnctooflitics 

8.45 

9.00 

9.1.5 

9..10 

Welcome 

McGill  Opening 

Dietl-inv 

Geist 

Story 

10.00 

Abstreitcr-inv 

Norman-inv 

Eggenkamp 

NLmasscs-inv 

i0.30 

Coffee 

2.  QMS  (mainly 
iLfil 

6.  n-Vl.  ^wth 

11.00 

v.Ortenberg-inv 

Maxey-inv 

11.30 
11.45 
12  00 
12.15 

12.30 

Skierbizewski 

Wilamowski 

Szuszkiewicz 

Dobrowolski 

Lalideranta 

Lusson 

Funald 

Mitra 

Astles 

He 

12.45 

Lunch 

Liinch 

lUrYL 

fCiWt/QgL) 

msiEBS 

13.45 

Meycr-inv 

Pl.l  toP12.2 

14.15 
14.30 
14.45 
15.00 

15.15 

Chcong 

Kraus 

Takita 

Esquivias 

Andrukhiv 

15.30 

TEA 

TEA 

4.m-v 

(InAa/GflAal 

7.Dota/NoYd 

Confinement 

16.00 

Mendes-inv 

Ploog-inv 

16.30 

16.45 
17.00 
17.15 

17.30 

17.45 

Miles 

Waterman 

Golding 

^naggic 

cjuldbig 

Inoui 

Toumic 

Zawadzld 

Fteytag 

Kubisa-inv 

Wednesday 

Thiffsday 

a.  can' 

iLm-Y 

(atrudure) 

Ittciaceal 

Arias-inv 

Lakrimi-inv 

Monten-at 

Phillips 

Dutton 

Bougnant 

Bubalac 

Ashky 

Tardot-inv 

Malutenko-inv 

9.  Linear  and 
NL  optics 

LLSfifioal 
Symposium 
ChairiD  G  Seiler 

Vodopyanov-inv 

Levine-inv 

Klann 

Hofmann 

Kiemscr 

Littler 

Kushev 

Sheng  Li 

Sizman 

Fraenkci 

Morimoto 

Mironov 

Lunch 

Lunch 

lO-Material 

(OMinlY  lY  YD 

12.  contd. 

Tacke-inv 

Heremans-inv 

Lambiecht 

Zogg 

Herrmann 

Schweitzer 

Gornik-inv 

Takyanagi-inv 

Dawson-inv 

Conference 

Eifliraiw 

15.45-  TEA 

16.15  Oswald-inv 

16.45  Shen-inv 

-Ctaec 

Landwebr 

